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ABSTRACT

STIM ULUS CO NFIG URA TIO N AND T H E PER C EIV ED
R IG ID ITY O F EIG H T-V ERTEX PO LY H ED R A
by
John E. Sparrow
University of New Hampshire, Decem ber, 1990

In a series of four experiments, subjects examined the perceived rigidity of
rotating eight-vertex polyhedra.

Four different categories of polyhedra were

observed under parallel projection: 1) line drawings where the initial orientation
appeared to be a cube (LN), though the depth components of the eight vertices
were randomly positioned (upon rotation, it could be seen that the stimuli were
not cubes); 2) line drawings where the vertices were randomly placed (LR); 3)
vertex-only drawings where the initial orientation appeared to be a cube (VN),
though the depth components of the eight vertices were randomly positioned; and
4) vertex-only drawings with randomly positioned vertices (VR).
Preliminary observations indicated that some of the mathematically rigid
configurations were perceived as deforming in a nonrigid manner.

Given the

different stimulus categories, the following questions were addressed: 1) Could
subjects identify stimuli that appeared to deform based on a large set of
mathematically rigid objects?; and 2) Was it possible to identify gross qualities
about the stimulus that control whether or not the human visual system adopts a
rigid versus a nonrigid interpretation?

Through several deformation-rating tasks, the results indicated that although
most of the configurations maintained a rigid appearance throughout their
rotations, the LN stimuli appeared to deform more than the LR, VN, and VR
categories of stimuli.
subjects

were

asked

In addition, based on a signal detection paradigm, when
to

detect

a

physical

nonrigidity

em bedded

within

mathematically rigid rotations, they had a more difficult time doing so when
viewing the LN stimuli, compared to the other three stimulus categories.
To account for these findings, a theory was form ulated based on the
behavior of line segments as they are projected onto the two-dimensional image
plane.

It seems that when the visual system is forced to interpret such images,

two conflicting sources of information may exist: local shape cues formed by the
intersecting line segments and motion-induced depth information.

In order for

the visual system to make sense of these images, the conflicting cues need to be
driven into agreem ent with one another, via the adoption of a nonrigid
interpretation.

1
INTRODUCTION

The question of how the human visual system interprets three-dimensional
structure from a two-dimensional retinal image has puzzled philosophers and
scientists alike for centuries.

As far back as 1709, British empiricist George

Berkeley (1685-1753) claimed that the resulting perception of the third dimension
was due to past experiences with different sets of stimuli (Chaplin & Krawiec,
1979, pp. 120-121).

We learn to associate, he claimed, various kinesthetic

sensations with certain aspects of visual space. To illustrate, as the eye scans over
a visual array, certain ocular muscles are contracted or relaxed. Furtherm ore, the
crystalline lens flexes or thins out as a function of the distance to the observed
object. The visual system learns from these muscular cues to associate different
param eters of depth perception with changing am ounts of muscle tension.
Berkeley also stated that certain monocular depth cues, again due to past
experiences, are relevant in discriminating objects in our visual world.
R udolf Lotze (1817-1881), a G erm an philosopher-psychologist, held the
notion that visual space perception was derived through a series of "local signs”
(1852, as described in Chaplin & Krawiec, 1979, pp. 121-122).

Patterns of

sensation, in this theory, are aroused by the m ere exposure to a spatial array.
These sensation patterns differ in their intensity makeup, and it is these
differences in intensity that lead to the eventual association o f elements within the
environment.

Therefore, like Berkeley, Lotze theorized that the resulting
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perception of visual space was primarily due to kinesthetic stimulation associated
with various elements within three-dimensional space.
It is interesting to note that H erm ann von Helm holtz (1924), also of the
empirical tradition, maintained a theory of space perception that was based on the
idea of local signs. Visual space perception, Helm holtz stated, is not an inborn,
autom atic process by which we navigate our world. Instead, the visual panoram a
is only deem ed meaningful after past experience with spatial objects. Later, after
many such exposures, these associations are added to the bare sensory map so that
image meaningfulness can be "unconsciously inferred" (Chaplin & Krawiec, 1979,
p. 123).
The Role of Motion in Assessing the Structure of Objects
Given that the visual world is rarely a perfectly static snapshot, the
perception of motion further complicates the spatial analysis process (e.g.,
Hildreth, 1984; Johansson, 1964; Regan, Beverley, & Cynader, 1979). How is it
that the visual system can accurately track quickly-moving objects, let alone assess
the three-dimensional shape of the environment? Furtherm ore, how good is the
visual system at distinguishing between rigid, congruous motion versus nonrigid,
elastic motion? Nakayama (1985) captured the intricacies of motion perception
quite well in this opening quotation from his recent review article:
Physics provides no special status for visual motion, skirting the issue
as to whether it is fundamental or whether it is just the displacement of a
visual image over time. Introspection is no more decisive. Is motion a
basic phenomenological dimension like color and stereopsis, or is it derived,
based on more primitive sensory processes, like space and time?
Color is an immediate experience. Likewise for stereopsis. Few fail
to be impressed by the synthesis of solidity from two flat images in a
stereoscope; the sense of depth is phenomenologically irreducible. With
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visual motion, however, there has always been the nagging doubt that it
might not qualify as a fundamental sense, that it is reconstructed very late
in our visual system or that it represents an elementary cognitive process....
It is likely that the appreciation of motion as a fundamental
biological sense was retarded by these alternative interpretations. Mounting
evidence, accumulated over the past century and especially of late, however,
leaves no doubt that motion is indeed a fundamental visual dimension, (p.
626)

J. J. Gibson examined such phenom ena and concluded, in direct opposition
to the earlier cue theories, that visual space perception was not reliant upon signs
or cues from the visual physiology or the resulting retinal image.

Instead, an

object could be located and identified within visual space by directly perceiving
qualities of the observed stimulus.

Texture gradients and general optic flow,

Gibson maintained, provided the information needed to adequately disentangle the
complex moving world (Gibson, 1966; 1979).
O ne of the landmark studies that pointed out the importance of motion
inform ation in determining the structure of three-dimensional objects was carried
out by Wallach and O ’Connell (1953). These researchers noticed that the shadow
projection of a rotating wire stimulus usually produced the perception of a
three-dimensional rigid object rotating. Ironically, subjects were actually observing
two-dimensional stimuli deforming on the face of the projection screen.

This

ability to derive three-dimensional structure from two-dimensional motion was
term ed the kinetic depth effect (KDE).
Wallach and O ’Connell’s paradigm was very similar to earlier studies that
investigated motion perception.

For example, Miles (1931) utilized the shadow

projections of fan blades rotating about a vertical (i.e., parallel to the projection
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screen) axis. Metzger (1934), as summarized by Wallach and O ’Connell, studied
the shadow images of vertical rods rotating around a vertical axis. Both of these
earlier studies, however, unlike the kinetic depth studies, were

relatively

unconcerned with resulting three-dimensional depth percepts.
O ver a series of ten experiments, Wallach and O ’Connell examined the
three-dimensional qualities of rotating solids, wire-edged figures, cylinders, and
rods.

A vast majority of the rotating figures, it was determ ined, took on a

three-dimensional

depth

component when

viewed

on

the

two-dimensional

projection screen. That is, most of the stimuli appeared to rotate rigidly in visual
space. There was a small collection of figures, however, that appeared to deform
in the plane of the projection screen.

This class of nonrigid figures will be

addressed later.
These investigators concluded that in order for the K D E to occur, one
condition related to the stimulus configuration must be met: the length and
direction of any given contour of the object must change simultaneously
throughout the course of rotation.

If this condition is satisfied, then observers

should have little trouble assessing the actual three-dimensional shape of the
object. O n the other hand, if a line or contour changes only shape d direction,
the KDE no longer occurs. W hat would be seen, then, would simply be an object
distorting two-dimensionally. More recent studies (e.g., Braunstein, 1977; Jansson
& Johansson, 1973), as well as the series of experiments described below, however,
do not support this explanation; it appears that lines changing length and direction
simultaneously are not necessary and sufficient conditions for deriving rigid three

5
dimensional interpretations.
Extracting Structure from Motion
Since Wallach and O ’Connell’s (1953) original study, a num ber of
interesting and relevant investigations have appeared in the literature.

Most of

the studies fall into two categories: 1) research concerned with the minimal or
sufficient conditions needed to produce a reliable KDE (e.g., num ber of views or
structural elem ents needed), or 2) experiments concerned with configurational
components of the moving stimuli (e.g., rigid vs. nonrigid motion or isometric vs.
perspective projections).
Necessary and Sufficient Conditions for the KDE
Before

one

can

examine

the

complex

area

of

three-dimensional

interpretation, a solid foundation needs to be laid for the simpler counterpart,
two-dimensional motion discrimination. What are the sufficient conditions needed
for discriminating motion in the fronto-parallel plane? Bell and Lappin (1973)
studied this question using a series of planar random -dot patterns similar to the
stereoscopic patterns developed by Julesz (1960;

1971).

Subjects in this

experiment were required to determine, via a forced-choice procedure, the
direction of displacement of a series of dots in a two-frame presentation sequence.
The am ount of planar dot displacement was systematically m anipulated as was the
visual angle subtended by the dot matrices.

It was concluded that a brief,

two-frame sequence was sufficient to determ ine the true direction of displacement.
More importantly, their study found that a small am ount of relative displacement
produced the highest proportion of correct direction judgements. Larger amounts
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of displacement, on the other hand, interfered with subjects’ ability to accurately
discriminate the two-dimensional motion.

Absolute displacement of the dots,

defined in term s of the shift in location on the retina, had little effect on the
direction responses; instead, what was im portant was the degree of displacement
relative to the size of the elements in the observed random-dot pattern.
Directly analogous to the two-dimensional paradigm adopted by Bell and
Lappin (1973), some work done by Lappin, Doner, and Kottas (1980) studied
subjects’ ability to discriminate dot displacements projected on a three-dimensional
trajectory. Dots were randomly distributed over a transparent sphere, again in a
two-frame presentation sequence, where the second frame represented a slight
spherical rotation with respect to the first. This two-dimensional sequence, when
shown in rapid succession, gave a convincing impression of a three-dimensional
sphere rotating in depth.

Using a two-alternative forced-choice procedure, pairs

of two-frame sequences were shown to subjects in which the correlation of the
three-dimensional dot coordinates in one presentation differed from the correlation
of the second. A perfect correlation between presentations m eant that there was
a direct one-to-one correspondence between all the dots over both frames of the
sequence; a low correlation between presentations, however, indicated that many
dot coordinates from the second frame were unrelated to the dot coordinates from
the first frame. The subject’s task, then, was to indicate which of the two-frame
sequences was more highly correlated.
Results indicated that subjects were extremely adept at discriminating dot
patterns when one pair of the two possible alternatives was perfectly correlated
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(i.e., r = 1.0) as com pared to slightly less correlated patterns (i.e., r = .969 and
r = .938).

Therefore, in support of Bell and Lappin’s earlier findings, two

presentations were sufficient for extracting three-dimensional structure. Moreover,
a slight degradation in dot placement, compared to a perfectly correlated sphere,
was adequate in allowing subjects to accurately assess the shape of these objects
moving in visual space.
A main goal of the structure extraction research is to predict what
three-dimensional interpretation is possible given a two-dimensional projection.
Most of the psychophysical studies have been aimed at the goal of determining
what configurational qualities and minimal conditions are needed for humans to
accurately assess structural components of moving scenes.

A nother alternative,

albeit more abstract, is the computational approach to motion analysis.

These

theoretical techniques attem pt to derive solutions for one or more mathematical
equations which represent the mapping from two-dimensional space to the
interpretation

of three-dimensional

motion.

Ultimately,

these

algorithms

reconstruct the three-dimensional coordinates for each two-dimensional motion
com ponent (see Marr, 1982, for a detailed description of the philosophy of
deriving computational algorithms in studying visual phenom ena).
A large num ber of computational approaches to extracting structure from
motion have recently been published.

Because any given two-dimensional

projection can be produced by a large number of three-dim ensional configurations,
all of the approaches need to have certain constraints imposed in order to
accurately recover the three-dimensional components of a given scene. Depending
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on the type of constraint imposed, the number of views and stimulus elements
needed to arrive at a three-dimensional interpretation differ (e.g., Hoffman &
Bennett, 1985, 1986; Hoffman & Flinchbaugh, 1982; Ullman, 1979, 1984a; W ebb
& Aggarwal, 1981).

O ne specific constraint, the "rigidity assumption" (Ullman,

1979), will be addressed below.
Braunstein, Hoffman, Shapiro, Andersen, and Bennett (1987) empirically
tested some of the theoretical analyses to measure how well the computational
approaches reflect structure extraction processes in the hum an visual system.
Using a signal detection paradigm, these investigators had observers view stimuli
under the manipulation of four independent variables: 1) number of picture
elem ents for a given stimulus (ranging from two to five), 2) num ber of views of
each stimulus (ranging from two to six), 3) the presence or absence of feedback
in conjunction with a response, and 4) the types of motion the stimuli were
undergoing.

O ne aspect of this last variable examined the differences between

using axes of rotation which remained fixed throughout rotation compared to axes
that changed their angular position during the motion sequence.
velocity

changes

within

the

stimuli were

m anipulated

degree/fram e change used in the standard stimulus.

relative

In addition,
to

the

6

Subjects had to respond in

terms of whether a stimulus pair (standard and comparison stimuli) was

the

"same" or "different" in terms of their distances between any two vertices, based
on the manipulation of the four independent variables.

Therefore, the "same"

stimuli were identical to one another with respect to their three-dimensional
coordinates;

the "different" stimuli, however, were created by changing the
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coordinates of one picture elem ent between the first and last frames of the motion
sequence. Stimuli for each trial were randomly selected based on one of the 60
possible combinations of the independent variables mentioned above.
The data indicated that subjects were m ore accurate in discriminating the
stimuli with increasing number of views and fixed axes of rotation, while they were
less accurate when the num ber of picture elements was increased.

In addition,

subjects actually exceeded the expected performance based on the criteria of the
computational theories.

That is, fewer picture elements as well as views were

needed to accurately assess the three-dimensional form. These authors did note,
however, that the tasks of the human subject versus the tasks of the computational
formulas differ dramatically and therefore cannot be directly compared.

Most

notably, the computational analyses are capable of mathematically deriving
three-dimensional coordinates while the subjects in this study simply had to
compare sets of figures.

It was further suggested that subjects were exploiting

stimulus regularity cues inherent within the two-dimensional stationary figures
which are not normally considered in computational approaches to structural
extraction.

Although only one subject in the Braunstein et al. (1987) study was

cognizant of using these cues, their importance cannot be overlooked.

The

question of whether or not the visual system utilizes this two-dimensional static
information in making structural interpretations is addressed later in this paper.
Configurational Aspects of K DE Stimuli
Since the visual system is actively engaged in measuring and assessing the
environment, the question of how accurate the system actually is often arises. In
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testing hypotheses concerning the extraction of structure from motion, a veracious
model should be able to discriminate between rigid and nonrigid motion, assuming
that the hum an visual system is capable of accomplishing that task. In addition,
"good" models are able to distinguish between perspective (polar) and isometric
(parallel) projections of the stimulus, again assuming similar accuracy within the
visual system. Ultimately, of course, these models should reflect how the human
visual system responds under similar types of circumstances.
Todd (1982) examined the perception of rigid and nonrigid motion of
figures through a "trajectory-based" model. This approach aimed to describe the
geom etric relationships between different trajectories that three-dimensional objects
trace out as they move through space. The assumptions of the model include the
notion that rigid three-dimensional objects trace out circular trajectories while the
two-dimensional projection of the same event results in elliptical trajectories. The
unique aspect of this theory is that different types of motion (i.e., rigid or
nonrigid) are accounted for by the various geometric relationships. Hence, specific
constraints associated with motion-type can be overcome.
Perspective, in Todd’s model, can be accounted for quite readily.

The

model cannot, however, accommodate differences in certain types of motion. For
example, a moving axis of rotation requires the model to assume that the observer
takes on a moving frame of reference. To test the psychological validity of the
model, two experiments were conducted to assess the viability of the model in
relation to the human visual system. Subjects were asked to judge the rigidity of
stimuli undergoing different types of transformations.

It was determ ined that
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human observers had difficulty assessing the rigidity of objects with moving axes
of rotation - the same aspect that failed in the trajectory-based model. Therefore,
it appears that the trajectory-based model is a reliable one in that it fails at the
same points that the human perceptual system fails.
In a follow-up study, Todd (1984) had subjects view rotating cylindrical
dotted surfaces that varied in the amount of projected perspective (polar vs.
parallel) as well as the amount of rigidity (rigid vs.

nonrigid).

U nder all four

conditions, subjects were asked to make comparisons between the projected stimuli
and a curvature rating scale in which various degrees of curvature were displayed.
The accuracy of the curvature judgements, then, were good indicators of how
strong of a K DE occurs under the different conditions.
The am ount of perspective, it was found, had little to do with the accuracy
of curvature judgements although the relative degree of perceived curvature did
seem to vary as a function of the perspective.

Moreover, the rigidity of the

stimuli was found to be relatively insignificant in terms of curvature judgements.
To take a case in point, nonrigid stimuli (i.e., dot patterns that contained a
horizontal com ponent in addition to the regular vertical motion) were found to
receive similar ratings of curvature as compared to the rigid stimuli.

These

studies dem onstrate that many of the computational formulas used to predict the
saliency of the K DE are relatively ineffective in modelling the human visual
system.

T he visual system, it appears, is not as restricted as some of the

computational theories might suggest.
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To lend further support to these ideas, Todd (1985) conducted a series of
experiments which examined some of the specific details of the applicability of
com putational algorithms.

He presented subjects with a variety of stimuli that

included various degrees of occlusion, shading, and texture properties. All of the
current computational algorithms would treat this extraneous information as
misleading data and therefore would not be as accurate in the assessment of
three-dimensional structure.

H um an observers, on the other hand, utilized this

additional information to their benefit. These additional cues actually helped to
improve performance in assessing the KDE. Once again, it seems plausible that
subjects are capitalizing on the "inherent” cue information m entioned above in
assessing

three-dimensional

depth

from

two-dimensional

projections

(i.e.,

Braunstein et aL, 1987; see Braunstein & Todd, 1990).
Todd’s studies helped elucidate the role of rigidity and perspective in
measuring the effectiveness of the KDE.

In addition, Braunstein and Andersen

(1984b) went on to look at the perceptual "rules-of-thumb" that are used in
deriving image meaningfulness.

One such rule has to do with the projected

velocity of a given elem ent within a stimulus array.

If an actual elem ent of a

stimulus is tracing out a circular orbit in space, that translates into that same
elem ent tracing out an elliptical orbit moving with a sinusoidal velocity when
projected onto a two-dimensional screen. Clearly, when picture elements depart
from this sinusoidal motion, the extraction of structure from motion quickly
degrades.

Furtherm ore, changes in the vertical velocity gradient as well as the

opacity (transparent vs.

opaque) were found to be central determ inants in the
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perception o f three-dimensional shape and depth. W ithout benefit of minor axis
translation, w here moving points no longer trace out elliptical orbits (and,
consequently, do not have sinusoidal velocity patterns), vertical velocity gradients
alone could produce both perceptions o f flatness and perceptions of curvature,
depending upon the velocity pattern. With respect to image opacity, figures were
seen as being more spherical and cylindrical when objects were transparent;
opaque figures, on the other hand, were judged as having less apparent curvature
than their transparent counterparts.
T o summarize, then, it appears as though the human visual system uses
many sources of information when attem pting to extract inform ation from moving
scenes. While many of the computational theories of motion analysis suggest that
the process might be a highly restricted one, psychophysical data suggest otherwise.
Seemingly "unrelated" sources of information, at least from the standpoint of the
com putational theories, help the visual system decipher structure from motion.
Information inherent within the stimuli themselves allows the viewer to capitalize
on the motion sequence.

In order to understand this perceptual process, one

needs to examine the configurational qualities of the moving stimuli and relate
these qualities to the overall potency of the KDE.
The Rigidity Assumption
It was m entioned earlier that computational theories of structure extraction
are constrained by various assumptions. Given that any two-dimensional projection
can be represented by a num ber of possible three-dimensional configurations,
certain constraints are needed to arrive at a unique interpretation.

O ne such
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constraint often relied upon to satisfy this condition is the "rigidity assumption"
(Ullman, 1979):
Any set of elements undergoing a two-dimensional transformation
which has a unique interpretation as a rigid body moving in space should
be interpreted as such a body in motion, (p. 146)

Ullm an’s conceptualization of the rigidity principle stems from similar ideas
proposed by previous researchers (e.g., Gibson, 1979; Johannson, 1975; Wallach
& O ’Connell, 1953). For example, Wallach and O ’Connell (1953), in their original
kinetic depth studies, hypothesized that observers may have a "tendency to see in
general rigid, unchanging forms instead of the given distorting shapes" (pp.
213-214). Wallach and O ’Connell acknowledged, however, that this idea needs to
be empirically confirmed. Obviously, this general trend was dem onstrated in their
early study.
The idea of perceptual "invariants" was formulated by J. J. Gibson (1966,
p. 8; 1979, pp. 310-311). Gibson theorized that certain elem ents within nature are
basically unchanging, constant entities which allow us to directly perceive them.
H e further entertained the notion that certain invariants were responsible for the
perception of rigidity while other invariants were responsible for perceived
nonrigidity.

Von Fieandt and Gibson (1959) tested this notion by presenting to

subjects a fishnet pattern that was physically compressed and decompressed (i.e.,
nonrigid

motion)

or

the

same

stationary

pattern

undergoing

perspective

foreshortening (i.e., rigid motion); both projection techniques, however, produced
the same perceptual motion patterns on the projection screen (i.e., an expanding
and contracting pattern of intersecting lines).

Interestingly, observers were able
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to discriminate between the rigid and nonrigid motion quite easily (in addition,
see G ibson & Gibson, 1957). Gibson (1979), in one of his final works, noted the
curious perceptions elicited by such stimuli:
We do not yet know the exact basis for the perception of
rigidity-elasticity, although research is progressing at both U ppsala in
Sweden [G. Johansson’s laboratory] and at Cornell in the U.S.A. These
experiments are curious and interesting and have already produced some
surprising discoveries, (p. 179)

Johannson’s work (1975), based on Gibsonian ideas of perceptual invariants,
further extended the idea of rigid three-dimensional percepts.

Johannson

m aintained that the visual system employs a hierarchical process of motion
extraction techniques that ultimately are based on mathematical vector analysis.
In order to maintain the simplest preservation of an object’s shape and form, the
visual system, in Johannson’s view, imposes the most basic interpretation that it
is possible given the qualities of the particular stimulus (also see Eggert, 1985).
T o illustrate, imagine a two-dimensional projection of a quadrangle changing
form by means of the sides changing length and direction. Upon observing such
stimuli, human observers tend to opt for a three-dimensional interpretation rather
than inferring that the object is deforming in the two-dimensional plane (Jansson
& Johansson, 1973; Jansson & Runeson, 1977). People, in other words, prefer a
familiar interpretation that is consistent with the object moving in depth.
Moreover, observers apparently adopt a hierarchical series of perceptions where
rotary motion in depth is preferred over bending motion in depth, which is
preferred over a two-dimensional deformation.

This state of affairs was term ed

the principle of minimum object change (see Hatfield and Epstein (1985) for a
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review of other minimum principles involved with visual perception) and basically
states that observers adopt the easiest, most readily interpretable solution possible
when assessing objects in motion.
Assuming that the rigidity assumption was an appropriate constraint, Ullman
(1979, 1983, 1984a) derived a computational scheme that provided a unique
three-dimensional interpretation given two-dimensional motion. This theory states
that as an

observer views a

two-dimensional

transformation, an

internal

representation is continually updated throughout the object’s rotation.

As the

visual system assesses each "frame" of the movement, an attem pt is made to derive
a rigid interpretation; if a rigid interpretation is not possible, one
approximates rigidity is developed.

that

The idea, then, is to maximize rigidity as

much as possible even if the veridical motion is nonrigid.

In com puter

simulations, this model could account for many types of motion quite readily.
W hether or not this incremental rigidity scheme is reflective of what happens in
the human visual system is open to experimentation (see Hildreth, Grzywacz,
Adelson, & Inada, 1990).
It was m entioned earlier that many of the com putational approaches to
motion extraction rely on the rigidity assumption.

It would be unfair, however,

to say that all current schemes rely on this constraint. K oenderink and van D oom
(1986) have recently proposed a model which is capable of deriving partial
solutions in extracting structure from motion without benefit of the assumption of
rigidity. Since the literature has shown that the human visual system is capable
of ascertaining the shape of objects accurately in the presence of nonrigid motion
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(e.g., Todd, 1984), it seems reasonable that three-dimensional interpretations
should be possible, at least in part, without considering rigidity.
Their study was able to assess a special class of motion which they referred
to as "bending deformations." An example of this class of motion can be seen in
the bending of a piece of paper; notice that no stretching is involved here, simply
a flexing of a given shape.

By triangulating the surface in question, small areas

of motion coherence can be imposed; what is im portant, however, is that the
overall motion can deviate from rigidity. Given only two views of the stimulus,
partial solutions could be obtained using this technique.

The rigidity constraint,

then, at least with this specific class of stimuli, becomes relatively unimportant.
Their research suggests that accurate recovery may depend on the local rigidity
of small surfaces ("facets"), rather than the overall global rigidity of an object (as
others have suggested).
Nonrigid Perceptions and the Status of the
Rigidity Assumption
A num ber of studies have been cited where the human visual system adopts
a nonrigid perception even though a rigid interpretation is possible. The classic
rotating trapezoidal window illusion (Ames, 1951) represents a clear dem onstration
of such phenom ena.

Recall that one of the manipulations in this early study

included the placem ent of a horizontal bar projecting through one of the window’s
openings.

Even though this stimulus configuration was moving rigidly in

three-dimensional space, subjects often reported the overwhelming perception of
the bar bending unpredictably, as if it were made out of rubber.
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Similarly, a small group of the configurations in the original kinetic depth
study (W allach & O ’Connell, 1953) was perceived as deforming in the two
dimensional projection plane.

Again, rigid interpretations were possible yet

somehow the visual system was unable to reconstruct this global rigidity.

This

effect was further dem onstrated in a later study (Wallach, Weisz, & Adams, 1956)
using planar rotating egg-shaped figures. Interestingly, upon rotation, these figures
appeared to be stationary except for a continuous bulging which traveled around
the circumference of the object.
A later study by G reen (1961) specifically set out to assess the frequency
of these nonrigid percepts.

Using various combinations of line and dot stimuli

undergoing vertical and horizontal rotations, it was determ ined that perceived
rigidity (which he called "coherence") was influenced by the num ber of picture
elem ents (e.g. vertices and interconnecting line segments), connectivity between the
elements, and the type of rotational translation introduced into the axes. Given
the abstract nature of the resulting perceptions, judgments were limited to
subjective ratings based on a Likert-type scale.
M oreover, in a personal communication to J. Todd in 1980, E. Adelson
reported that a two-dimensional projection of a rotating rhomboid produced some
interesting percepts (Todd, 1984). What was unique about Adelson’s stimulus was
that in its initial orientation it appeared to be a standard Necker cube.

Upon

rotation, however, the true shape of the rhomboid became apparent to the
observers.

R ather than perceiving a rigid rhomboid rotating, though, observers

reported the perception of a deforming cube (see also Adelson, 1985).
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The effects of linear perspective upon perceived rigidity become apparent
when viewing an ambiguous figure such as the rotating Necker cube (Schwartz,
1983; Schwartz & Sperling, 1983; Sperling, Pavel, Cohen, Landy, & Schwartz,
1983; in addition, see Dosher, Landy, & Sperling, 1989, for the effects of
perspective using multidot kinetic depth displays). Given a polar projection, the
typical Necker cube generally produces one of two possible perceptions: 1) a
veridical rigid object rotating in the proper direction, o r 2) a rubbery nonrigid
object which appears to stretch and foreshorten while rotating in the nonveridical
direction. H ere again, these stimuli lend themselves to a rigid interpretation but
the visual system fails to acknowledge this possibility.

Even though the majority

(61.2%) of the figures took on a rigid appearance, a large minority (38.8%) were
perceived as deforming nonrigidly (Schwartz & Sperling, 1983).

Furtherm ore,

varying the relative luminance of the line drawings as a function of distance
(where, for example, "closer" lines are brighter, while lines "further away" are
dim m er) was found to be an im portant cue in determ ining rigidity.

Nonrigid

perceptions were consistently elicited when line luminance contradicted the
monocular linear perspective cues.

In addition, with respect to binocular

information, contradictory stereopsis cues were capable of extirpating these same
nonrigid perceptions (Dosher, Sperling, & Wurst, 1986).
A nother interesting example of a nonrigid perception produced by rigid
motion is the

familiar "rubber pencil illusion" (Pom erantz,

1983).

This

phenom enon is easily dem onstrated by grasping a standard pencil and moving it
vertically while, simultaneously, rocking it back and forth in a see-saw motion
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between the thumb and finger.

This type of movement, when done properly,

results in the perception of a rubbery pencil, flexing and warping dramatically.
Pom erantz (1983) empirically investigated this effect and found that ratings of
rigidity w ere highly influenced by both the type of vertical movement as well as
the rocking motion in the displays.

H e concluded that the illusion is produced

early in the visual system (i.e., at the retinal level) and is probably due to visual
persistence.

More importantly, it was suggested that the illusion represented a

possible counterexample to the rigidity principle.

W hether or not it does

represent a true counterexample depends upon where one believes the rigidity
principle is implemented in the perceptual system; if the principle is im plem ented
rather late in the system (i.e., beyond the retinal level), as Pom erantz states, then
the rubber pencil illusion, being localized at the retinal level, might have little to
do with the rigidity assumption.

However, even if the rigidity principle is

im plem ented later in the visual pathway, the principle is not effective in correcting
the various sources of inaccuracy present in an illusion of this type. Not enough
is known about the illusion at this time to make a definitive statem ent regarding
its relationship to the rigidity principle.
O thers have suggested that some of these nonrigid percepts do in fact
represent actual counterexamples to the rigidity assumption as proposed by Ullman
(1979).

A lively debate between Ullman (1984b, 1986) versus Braunstein and

A ndersen (1984a, 1986) has revealed that the status, as well as the purpose, of the
rigidity assumption needs clarification. Braunstein and Andersen (1984a) examined
the role of rigidity in relation to the classic "stereo-kinetic effect" (see Musatti,
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1924; Wallach, Weisz, & Adams, 1956).

This effect can be dem onstrated by

rotating various line drawings in the frontal plane of vision.

R ather than

maintaining their two-dimensional status, these stimuli take on a three-dimensional
depth com ponent brought on by the motion. Observers, then, see the particular
object floating above the plane of rotation.

Depending on the stimulus, objects

can appear to be either rigid or nonrigid.
Braunstein and Andersen found that three overlapping oval-shaped figures
laid out in a triangular pattern appeared to separate in depth as well as deform
upon

rotation.

Given

that

this

configuration

had

a

plausible

rigid

three-dimensional interpretation, they claimed that this stimulus represented a
counterexample to the rigidity assumption.

Ullm an (1984b), in a reply to this

claim, stated that such stimuli were in violation of the set criteria of the rigidity
assumption.

In order for the rigidity assumption to apply, two criteria must be

fulfilled (Ullman, 1984b): 1) In the static image, no three-dimensional information
can be present (Ullman, 1979, C hapter 5), and 2) the two-dimensional image
motion cannot be "misperceived" (Ullman, 1979, p. 171).

Braunstein and

A ndersen’s stimuli, Ullman claims, violate the second assumption. It appears that,
much like the standard spiral illusion, viewers cannot accurately assess the true
motion of the stimulus; this failure to track the motion often results in the
perceived deform ation of the stimulus.

Wallach and O ’Connell (1953) made

similar observations when they projected smooth contours to subjects. Because of
the lack of identifiable three-dimensional components, subjects reported the
appearance of a nonrigid two-dimensional form.
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M ore importantly, their debate brings attention to the quest for the true
meaning of the rigidity assumption. When does the rigidity assumption apply and
under what conditions does the visual system utilize this information? In replying
to Ullman (1984b), Braunstein and Andersen (1986) pointed out the need for a
concise definition of the rigidity assumption.

Depending on how one interprets

this constraint, they claim that their stimulus (Braunstein & Andersen, 1984a)
represents a true counterexample.

These authors noted that there exist two

possible interpretations of the rigidity constraint: 1) the constraint is one of many
possible sources of information available to the visual system, or 2) rigidity is a
prevailing source of information and thereby occupies a "privileged" status in
perceiving the world.

Ullman’s definition, they implied, is more in line with the

second definition; in addition, their counterexample is aimed at this same
definition.

Moreover, it was suggested that research from the disparate fields of

artificial intelligence and experimental psychology should meet on common grounds
to further enhance progress on rigidity-based interpretations.
Ullman (1986) in a pointed rebuttal stated that his rigidity formulation was
not intended to be interpreted as having a "privileged" status.

Instead, it is

possible that the visual system exploits any number of factors present in the
environment.

However, Ullman claims that the rigidity assumption can account

for many situations involving the interpretation of three-dimensional structure from
two-dimensional motion:
... when it is stated that the rigidity assumption is used for the
recovery of structure from motion, the meaning is that when observers
recover correctly the structure of moving objects (on the basis of motion
inform ation) then the rigidity assumption can explain how this structure has
been obtained. The actual performance of human observers for different
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stimuli may not be as good as an idealized rigidity-based scheme; the
stimulus may be too complex, or too brief, or the motion field may be
misperceived, etc.
The suggestion that the rigidity assumption as stated plays a key role
in humans’ ability to recover structure from motion is non-obvious, and it
is subject to both computational and empirical verification, (p. 643)
U llm an further notes that the rigidity assumption has proven to be fruitful
in the com putational theories of motion analysis (for which it was intended) but
other principles, perhaps in conjunction with the rigidity constraint, may be better
at predicting the extraction of structure.

In any event, more research is needed

to determ ine if the rigidity assumption is a sufficient condition used by the human
visual system.
unclear in

It appears, therefore, that the role of the rigidity assumption is

the current context of structure-from-motion research.

As a

m athematical constraint, it is quite effective in many, but not all, computational
algorithms.

In terms of its role in the human perception of structure, more

research needs to be conducted.

More importantly, it has been widely

dem onstrated that many nonrigid percepts are available to observers given the
possibility for rigid three-dimensional interpretations. W hether or not such stimuli
represent counterexamples to the rigidity assumption is not yet clear.

However,

the very fact that these percepts exist provides fertile territory for experimentation.
As pointed out by Todd (1984), many of these deforming stimuli are easily
handled by various computational theories; the human visual system, however, does
not have such an easy time in imposing these structural regularities.

The

following questions, then, need to be answered concerning the nature of these
nonrigid qualities: 1) Can subjects identify stimuli that appear to deform based on
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a large set of mathematically rigid objects?; 2) If so, are the measurem ents used
in assessing the deformations reliable between- and within-subjects?; and 3) Is it
possible to identify gross qualities about the stimulus that control whether or not
the hum an visual system adopts a rigid versus a nonrigid interpretation?
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CHAPTER I

EXPERIMENT 1: RATING PERCEIVED DEFORMATION

Using stimuli similar to Adelson’s (as described in Todd, 1984) and G reen’s
(1961), the first experiment had subjects rate perceived rigidity based on an
ordinal rating scale (1 = rigid, 5 = deforms).

Stimuli consisted of eight-vertex

polyhedra under four different conditions: 1) line drawings where the initial
orientation appears to be a Necker cube (LN), even though depth components of
the vertices are randomly determ ined; 2) line drawings where the vertices are
randomly placed (LR); 3) vertex-only drawings with the Necker cube constraint
m entioned

in the first condition (VN); and 4) vertex-only drawings with

randomly-placed vertices (VR). These manipulations were necessary to determ ine
the configurational qualities needed to arrive at a rigid or nonrigid interpretation.
Note that the Necker cube manipulation comes from Adelson’s dem onstration
while the line-versus-vertex manipulation is taken from G reen (1961). Given that
both experimenters reported the existence of nonrigid perceptions when a rigid
interpretation was possible, the first experiment attem pted to tease out which of
these qualities was more important in producing this nonrigid appearance.
The reader should note that the phrase "Necker cube" is used purely for
descriptive reasons and may be slightly misleading. A true Necker cube contains
a "front face" that has been lowered with respect to the "rear face" of the cube.
Consequently, the line segments which make up the faces of the cube appear as
a series of regularly-aligned horizontal and vertical elements (i.e., two squares)
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that are parallel to the projection surface (hence, three-dimensionally, it is not an
actual cube). The "Necker cube" stimuli used in this series of studies (both LN
and VN), however, represent actual three-dimensional objects that have been
rotated down and to the side within spherical coordinates. T he interconnecting
line segments, therefore, are not oriented in the horizontal and vertical planes;
hence, the faces of the cube are no longer parallel to the plane o f the projection
surface.

Consequently, the two-dimensional projections of the "Necker cube"

polyhedra were the same as a cube that has been rotated down.
M ethod
Subjects. Five subjects from the University of New Hampshire participated
in the experiment (including the author, JES). Three of the subjects were male
graduate students (JES, MJH, and RWB), one was a female undergraduate (JLM),
and the last was a male faculty member (WWS). Only two of the subjects (JES
and WWS) had prior knowledge of the experimental design.

All subjects had

normal or corrected to normal vision.
Apparatus.

The stimuli were generated using an F - ll microprocessor

(Digital Equipm ent C orporation’s Professional 350) and displayed on a 30.5cm
diagonal am ber (P134 phosphor) cathode ray tube (Digital Equipm ent Corporation
model VR201-C). The C R T had a spatial resolution of 960 x 240 pixels with a
refresh rate of 60Hz. Although no binocular disparity was included in the images,
stereo pairs of zero-disparity stimuli were projected to the observer using a
standard Wheatstone-type mirror stereoscope. H ead movements were minimized
by a rear head rest. All responses were directly entered into the com puter by the
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subjects using the unit’s keyboard.
Stimuli. All the stimuli consisted of parallel projections of line or vertex
drawings, both with and without the Necker cube start position constraint
m entioned above.

The images were generated such that all vertices (x and y

coordinates) fell within three-dimensional cubical boundaries (see G reen, 1961)
with the exception of the depth com ponent (z coordinate), which was allowed to
vary randomly in distance away from the observer based on a uniform distribution.
Vertices of the randomly-placed vertex stimuli (LR and VR) were allowed to fall
anywhere within this space (x, y, z).
W hen images were generated under the Necker cube constraint (LN and
VN), vertices were allowed to vary along only the z (depth) axis; locations along
the x and y axes were held constant such that the two-dimensional projection was
equivalent to a N ecker cube in its initial start position (Sparrow, 1986).

Upon

rotation, the different projections in depth became apparent to the observers. All
images were "wire-frame" in nature; therefore, hidden lines were not removed but
completely visible throughout the course of the rotations.
Subjects viewed the stimuli from a total optical distance of 74 cm where
each stimulus measured 2.5 cm wide thereby subtending about 2 degrees of visual
angle. Line drawings rotated at a velocity of about 54 degrees/sec (fram e-rate of
8 fram es/sec) while the vertex-only images moved at a slightly faster rate o f about
80 degrees/sec (fram e-rate of 12 fram es/sec).

This discrepancy was due to the

time needed for drawing in real-time; with line drawings, more time was needed
to complete the image as opposed to only drawing the eight points in the vertex
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condition. Studies have dem onstrated, however, that rotational velocity (within the
range mentioned above) contributes little to perceived rigidity (e.g., G reen, 1961).
Therefore, no attem pt was made to equate the two types of stimuli for rotational
velocity. All stimuli rotated for a total of 241 degrees.
Design and Procedure. Each subject viewed 200 unique stimuli made up
of 50 images from each condition (LN, LR, VN, VR). In addition, each stimulus
was replicated in the design so that reliability measures could be obtained.
Therefore, a total of 400 stimuli were used in gathering the rigidity ratings.
Moreover, the vertex-only stimuli were geometrically equivalent to the line
drawings except for the fact that the vertices were not interconnected. This was
necessary so that direct comparisons could be made between the line and vertex
drawings.
The four stimulus conditions were randomly presented

in different

sequences to each subject based on a 2 x 2 x 2 x 2 x 100 (Lines/V ertices x
Necker Start/R andom Start x Session 1/Session 2 x Block 1/Block 2 x Stimulus
Configuration) randomized block factorial design (Kirk, 1982, p. 441).

The

"Sessions" variable refers to each set of 100 (out of a total of 200) unique stimuli
that were observed twice in order to replicate the study.

The "Blocks" variable

represents the two unique blocks of stimuli within which "Sessions" is nested.
Therefore, 100 unique stimuli were replicated within Block 1, while the other 100
unique stimuli were replicated within Block 2, for a total of 400 stimuli. Finally,
the "Stimulus Configuration" variable corresponds to the 100 unique sets of
geom etric coordinates. Recall that the LN stimuli were geometrically equivalent
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to the VN objects in term s of their spatial coordinates; likewise, LR and VR
vertices were matched in their spatial coordinates.

Consequently, the stimulus

configurations were nested within the "Necker S tart/R andom Start" variable.
Subjects were allowed to view the images as many times as needed in order
to rate the object’s rigidity. Ratings were based on an ordinal rating scale where
a rating of "1" indicated a rigid rotation, while a rating of "S" was reserved for
stimuli that appeared to become elastic during the rotation and lost their apparent
rigidity.
Results and Discussion
Figure 1 shows a frequency histogram of rigidity ratings, collapsing across
all five subjects.

Notice that all the stimuli, regardless of the configuration,

received a predominance of ratings weighted toward rigidity (i.e., ratings of 1 and
2).

Overall, the histograms from the LR, VN, and VR are very similar to one

another. Most of the subjects rated these stimuli as rotating rigidly in space. The
interesting aspect in the analysis of the ratings comes from the LN condition,
where the polyhedra start out as Necker cubes but change their appearance due
to the different z-coordinates. These stimuli were similar (in term s of the Necker
cube aspect) to what Adelson used in his dem onstrations (as described in Todd,
1984) and, like his research, subjects rated a sizeable proportion to be perceptually
nonrigid.

Upon examining the histogram for the LN condition, one can see a

dram atic difference compared to the other three conditions. As mentioned earlier,
the reader should keep in mind that LN stimuli have vertices that are identical
to VN stimuli, the only difference

being that the

latter do not utilize
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interconnecting line segments in joining the vertices.
Figure 2 illustrates two im portant points. First o f all, one can see that the
percentage of nonrigid ratings is the highest (although not "high," per se) for LN
stimuli, com pared to the three remaining groups. This figure again dem onstrates
that the special combination of line drawings coupled with the Necker cube
configurational constraint is more likely to be perceived as being less structurally
rigid.

Secondly, judging by the percentage of nonrigid ratings, intersubject

differences are striking.

For example, subject JLM gave many more nonrigid

ratings for every condition than did the other subjects. Conversely, subject RWB
gave relatively few ratings of nonrigidity, again compared to the other subjects.
It is interesting to note, however, despite these individual differences, subjects
agreed with one another in terms of the condition which received the most
nonrigid ratings.

These individual differences were not surprising.

O ther

investigators have found similar intersubject discrepancies (see G reen, 1961). In
addition, one should keep in mind that the overwhelming majority of the stimuli,
regardless of the condition, were rated as moving in a rigid fashion; when
deformations do occur, however, they tend to be associated with the LN
configurations.
In order to assess within- and between-subject rating consistencies, a
comprehensive series of Spearman correlation matrices were calculated.

Recall

that each subject viewed 50 unique stimuli twice per configuration for a total of
400 observations. Hence, it is possible to directly com pare the ratings across all
four configurations for each of the repeated sessions.

Figures 3 through 6
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graphically represent these relationships by plotting the correlation coefficients as
a function of the repeated sessions within Block 1 and Block 2.

R epeated

sessions are represented on the x axis where each subject is paired in term s of the
two sessions per block.

The first plot in each figure refers to the repeated

sessions in Block 1 while the second plot depicts the relationships in Block 2.
Note that the row of symbols plotted across the top of each plot (i.e., correlations
of 1.0) indicates each subject’s session correlated with itself - in other words, this
row represents the major diagonal in a correlation matrix. Moreover, some of the
plots are missing data points; this omission is due to sessions where no variability
was found in the ratings - hence, correlations could not be calculated.

These

missing data were attributed to subject RWB, who consistently gave ratings of "1"
owing to his lack of nonrigid assessments.

Statistically significant correlation

coefficients are indicated by the dashed horizontal line (explained below).

In

addition, within-subjects correlations are represented by the short horizontal bars
interconnecting sessions.

Complete numerical correlation matrices for each

condition can be found in Appendix A for the reader who wishes to examine the
actual coefficient values.
U pon examining the figures, it appears that regardless of the configuration
type, subjects were not very consistent (both within- and between-subjects) at
rating these stimuli.

Most of the correlations were low and not statistically

significant, based on the Dunn-Sidak inequality (see Kirk, 1982, p. 110) to control
Type I error rates for multiple tests (where alp h a/test = .00114, and the
alpha/experim entwise

=

.05).

Table

1 lists the significant within-subject
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correlations for each stimulus configuration. No between-subject correlations were
found to be significant.

Upon a visual inspection of the figures, it is clear that

the highest correlations are found within subjects. Even within-subject correlations,
however, are not extremely compelling.

Table 1
Statistically Significant Spearman Correlation Coefficients

Stimulus Configuration

Subject

Sessions

JES

JLM

MJH

RWB

WWS

Blocks

LN

LR

VN

VR

1&2

1

.65

_

.71

.67

1&2

2

.77

-

.63

-

1&2

1

.62

-

-

-

1&2

2

-

-

-

-

1&2

1

*

-

.68

-

1&2

2

-

-

-

.87

1&2

1

-

-

-

-

1&2

2

.61

-

-

-

1&2

1

-

-

.87

-

1&2

2

.72

_

.64

_
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In examining the effects of each variable individually and in combination,
the dominant finding was the interaction between the Lines/V ertices and Necker
S tart/R andom Start conditions. The combination of line stimuli under the Necker
cube constraint elicited more nonrigid ratings than did the other three possibilities.
No interactions were found (based on visual inspection of interaction plots)
between

Lines/V ertices

and

Sessions,

Lines/V ertices

and

Blocks,

Necker

S tart/R andom Start and Sessions, and Necker Start/R andom Start and Blocks.
To summarize, it appears as though judging the rigidity of rotating stimuli
is difficult when using an ordinal Likert-type rating scale.

However, when

examining the general trends of such data, it is obvious that the N ecker cube
line-drawing (LN) condition produced the greatest number of deform ation ratings
(though subjects disagree, in general, on which examples appear to deform). More
importantly, there were some distinct LN figures in which subjects agreed in their
ratings of nonrigidity (i.e., ratings of "5").

These agreed-upon stimuli form the

basis for the subsequent studies described in this research.
It seems, therefore, that there is nothing special about having line drawings
vs. vertex drawings alone, or Necker cube drawings vs. random polyhedra alone,
per se, in the rating of rigidity.
is im portant.

Instead, the combination of these cues is what

When considering the LR condition, these results coincide with

those of G reen (1961); that is, random polyhedra made up of 12 line segments
consistently produced rigid ratings. Unfortunately, none of the other manipulations
in G reen’s paper are directly comparable to the current research. The cube-like
appearance of a small number of line drawings, then, is more likely to elicit
nonrigid perceptions.
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F igure 1- Frequency histogram for the ratings of rigidity, plotted as a function of
configuration type. D ata are collapsed across all five subjects.
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of "5"), plotted as a function of individual subjects.
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L N S E S S IO N S 1 * 2 (BLOCK 1)
SHAMAN CORRELATION COEFFICIENTS (N-15/SESSION)
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Figure 3. Plot o f within* and between-subject correlations for configuration LN
Sessions 1 & 2, Blocks 1 and 2. The y-axis represents Spearman correlation
coefficients, while the x*axis represents repeated sessions for each subject using
identical stimuli. Horizontal bars represent within-subject correlations.
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VN S E S S IO N S 1 & 2 (BLOCK 1)
SPIAUUN CORRUPTION C O C m C I C N T I ( N . I I / l ( t S I O N )

1. 0 -

0.9
o.a
0.7
o.a
0.6
0.40.3

C
0
*
£
L

1

0.2

J

0.1

0

0.0

N _ o.1
- 0.2
- 0 .3
- 0 .4

1

2

3

4

6

e

7

a

9

10

9

10

SESSIONS

VN S E S S IO N S 1 & 2 (BLOCK 2 )
IPCJUIMAN CORRCUTION C O tfflC llM T I ( R . I 5 / I I I I I 0 N )

1.0

0.9
o.a
0.7

C

0.8 . 9
0.6

0

*
£
L

0.4
0.3

i

0.2

I

0.1

0 0.0
N - 0 .1
-

0.2

- 0 .3
- 0 .4

I

2

3

4

6

a

7

a

SESSIONS
SESSIONS KEY:
1: JE SK •
2 : JE SK a

)
)

3: WWSH
4: VWS2(

* )

5:

JLU1( * )

A ) 6: JLU2( 0 )

7 : UJH1( + )
8 : UJH2( # )

9 : RWB1( O )
10: RWB2( X }

Figure 4. Plot of within* and between-subject correlations for configuration VN
Sessions 1 & 2, Blocks 1 and 2.
T he y-axis represents Spearm an correlation
coefficients, while the x*axis represents repeated sessions for each subject using
identical stimuli. Horizontal bars represent within-subject correlations.
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LR S E S S IO N S 1 & 2 (BLOCK 1)
SPEARMAN CORRELATION COEfflCIENTS (N-JS/SESSION)

1.0

C

0.9
0.8
0.7

0

0.6

R

° '5

dT

0.2

T
J

0.1

0

0.0

S
L

0.4
0.3

N - o .l
-

0.2
0.3

-0 .4 1

2

3

4

8

8

7

6

0

4»V4%

9

10

SESSIONS

LR S E S S IO N S 1 & 2 (BLOCK 2 )
SPEARKAN CORRELATION COEPFICIEMTS (N-SS/SESSION)

1.0

0.9
0.8

C

0.7

0

0.6

i
L

0.6
0.4
0.3

5
i

0.2

)

0.1

0

0.0

N -o .l

-0.2
- 0 .3
- 0 .4

1

2

3

4

6

6

7

8

SESSIONS
SESSIONS KEY:
1: JE S K • )
2 : JES2( □ )

3 : WWS1( * )
4 : WWS2( A )

3:
3:

JLUU * )
J IU 2 ( A )

7 : UJH1( + )
6 : UJH2( * )

8: RWB1( o )
10: RWB2< X )

Figure 5- Plot of within- and between-subject correlations
for configuration LR
Sessions 1 & 2, Blocks 1 and 2.
The y-axis represents Spearm an correlation
coefficients, while the x-axis represents repeated sessions for each subject using
identical stimuli. H orizontal bars represent within-subject correlations.
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VR S E S S IO N S 1 & 2 (BLOCK 1)
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Figure 6- Plot of within- and between-subject correlations for configuration VR
Sessions 1 & 2, Blocks 1 and 2. The y-axis represents Spearman correlation
coefficients, while the x-axis represents repeated sessions for each subject using
identical stimuli. Horizontal bars represent within-subject correlations.
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CHAPTER II

EXPERIM ENT 2: LARGE N OBSERVATIONS

To further assess the viability of the rigidity ratings, and to confirm the
previous findings, a large group of naive observers rated a subset of the stimuli
used iii the first experiment.

All four conditions (LN, LR, VN, V R) were

represented in this second set of stimuli. Again, ratings were based on the same
five-point rating scale.
In addition, a second manipulation was included in the experimental design.
Many subjects in the first experiment noticed that some of the deforming stimuli
in the LN configurations were accompanied by spontaneous reversals of rotational
direction. This finding is not surprising given the ambiguous nature of the images
(e.g., Power & Day, 1973). However, an abundance of reversals seemed to occur
in the LN condition where the objects often appeared to deform. Moreover, many
deformations were involved with a specific type of depth reversal: one side of the
figure would appear to rotate in one direction while the other side would appear
to go in the opposite direction.

These discrepant movements produced the

perception of the image "caving in" on itself. The possible relationship between
stimulus reversals and deformation, therefore, needs to be addressed.
This observation is not new. G reen (1961) reported that some of his line
stimuli (both connected and unconnected) appeared to reverse in depth and
consequently took on an elastic quality. Given that his unconnected line drawings
appeared to distort more than the connected line drawings, he reasoned that this
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difference in appearance was due to the unconnected line segments being more
prone to depth reversals. This hypothesis, however, was made post-hoc and was
not formally tested.
Ullman (1979) also notes that for any given object seen under parallel
projection, spontaneous reversals can occur unpredictably.

H e states, "...the

frequency of spontaneous reversals under parallel projection cannot be predicted,
as it depends on unknown param eters of the visual system and not only on the
stimuli under consideration" (p. 188). H e goes on to claim, though, that certain
types of reversals occur along with changes in perceived structure, most commonly
found in polar projections although possible in certain classes of parallel
projection.

Ullman further asserts, however, that "...the structural changes

associated with the reversals have not been examined" (p. 189) and are in need
of empirical verification.
Note that a parallel projection is one in which a distant light source (e.g.,
the sun) is assumed thereby producing parallel rays of light on the projection
screen; a polar projection, on the other hand, occurs when the light source is close
to the distal stimulus, and consequently results in the rays of light diverging at the
projection screen.
Given this groundwork, if it is true that certain types of structural changes
are associated with partial stimulus reversals (i.e., stimuli "caving in"), then there
should

be

an

observed

relationship

between

assessments of rigidity

and

independent assessments of stimulus reversals. M ore specifically, the LN stimuli,
which tend to be less perceptually rigid than the other three configurations, should
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also be associated with a higher frequency of spontaneous reversals in the form
o f separate com ponents appearing to reverse in direction. Overall global reversals,
in which the entire object appears to reverse in direction, should not occur as
frequently in the LN configurations reported to perceptually deform.
Both ratings of rigidity and direction of rotation, then, were studied in the
second experiment.

Rigidity ratings were examined to investigate the responses

of a large group of subjects compared to the previous group of five subjects.
Direction-of-rotation ratings were also gathered to evaluate the viability of the
"partial

stimulus

reversal" hypothesis.

O f course, since

this

research

is

correlational, no definite statements can be made with regard to cause-and-effect
relationships.

Method
Subjects. A total of 55 undergraduates at the University of New Hampshire
participated (N = 28 for rigidity ratings; N =27 for direction-of-rotation ratings). All
subjects were from the introductory psychology subject pool and received credit
for participating in experiments.
A pparatus. Stimuli were videotaped off of the C R T m entioned in the first
experiment. During the experimental session, the tape was played back on a 19"
color television m onitor where approximately eight subjects viewed the stimuli in
a given session.

Unlike the first experiment, where subjects entered responses

directly into the computer, subjects responded on computer-scored answer sheets.
Stimuli. The com puter-generated stimuli were identical to those of the first
experiment except that subjects only viewed half the num ber of unique stimuli
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(i.e., 100 unique images). Twenty-five images made up each of the four conditions
(LN, LR, VN, VR).

Each image on the face of the television screen measured

approximately 7.5 cm and was viewed from an average distance of 270 cm (actual
values ranging from 175-360 cm).

The stimuli, therefore, subtended about 1.6

degrees of visual angle (ranging from 1.19-2.45 degrees), depending on where the
subject was seated. The same videotape was used in both conditions. The order
of the configuration conditions was randomized for each experimental session.
Procedure. Maximally, subjects were seated in three rows of three people
each; not all of the experimental sessions, however, contained the maximum
enrollment. The directions for the experiment were then read and questions were
answered concerning the nature of the study. In both conditions, a practice trial
was given showing the rotation of a standard line-drawing of a cube.

For the

rigidity ratings condition, this rotating cube represented a perceptually rigid
motion;

under

the

direction-of-rotation

condition,

the

cube

was

dem onstrate the front-back ambiguity inherent within such objects.

used

to

All stimuli

were observed while they underwent four 241 degree rotations followed by a 10
second interstimulus interval during which time ratings were recorded on the
answer sheets.
The experimental design was 2 x 7 x 2 x 2 x 2 5

(rating Rigidity/

Direction-of-Rotation x Session x Lines/V ertices x N ecker S tart/R andom Start x
Stimuli) using a split-plot, partial hierarchical design (Kirk, 1982, Chs. 10 & 11).
The Rigidity/Direction-of-Rotation manipulation refers to the instructions given
to the participants and was between-subjects in nature.

The different sets of
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instructions are summarized below (see Appendix B for the two sets of
instructions). Subjects were tested in four small groups (n = 8 , 6, 7, 7; N =28) in
the Rigidity condition, and three groups (n = 12, 9, 6; N =27) for the Direction-ofRotation condition. Therefore, the Sessions variable was between-subjects, nested
within Rigidity/Direction-of-Rotation, and served as a blocking variable.

The

Lines/V ertices and Necker S tart/R andom Start factors were both within-subjects
in nature and identical to the manipulations used in the first experiment. Finally,
Stimuli were represented by 25 different configurations within each of the two
shape categories (Necker Start and Random Start); hence, the Stimuli variable
was nested within Necker S tart/R andom Start. Overall, every subject was exposed
to all four types of stimulus configuration (LN, LR, VN, VR), observing 25 stimuli
per category.
Instructions for Rating Rigidity. Subjects were told that all the stimuli were
rotating rigidly in a mathematical sense.

What the experiment was assessing,

however, was the perceptual sense of rigidity. The term "deformation" was defined
to represent a stimulus that changed shape by bending, stretching, distorting, or
twisting "as if the object were made out of rubber." Like the first experiment,
ratings were based on a five-point rating scale where 1 indicated a strongly rigid
object while a rating of 5 indicated a stimulus which appeared to strongly deform.
Instructions for Rating the Direction of R otation. In this condition, subjects
were told to look for the direction of rotation within the presented stimuli.
Subjects were further instructed that the absolute direction of rotation was not
im portant, but simply the proportion of direction changes seen in the given
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rotations.

The five-point rating scale reserved a rating of 1 for the situation

where all four of the rotations went in the same direction; a 2 if three of the
presentations went in one direction and the other went in the opposite direction;
a 3 if two went in one direction and two went in the other; a 4 if the stimulus
appeared to change direction within a single presentation: and a 5 if, again within
a single presentation, one part of the stimulus appeared to go in one direction
while, at the same time, another part appeared to go in the opposite direction.
Results and Discussion
Collapsing across subjects, Figure 7 illustrates the rigidity rating frequencies
for all four stimulus configurations. The results tend to mirror those of the first
experiment; the contrast between the LN stimuli and the other three categories,
however, is not as dram atic as was found in the first experiment.

This is not

surprising given the tradeoff between using fewer experimental subjects versus
large-n group research.
The trends indicate that, once again, LN stimuli received more ratings of
nonrigidity (i.e., ratings of ”4" and "5") com pared to LR, VN, and
configurations.

VR

The differences between LN stimuli and their geometrically-

equivalent VN counterparts were not as pronounced as found in the first
experiment, although one can see that the form er category produced more
nonrigid percepts.
In terms of the direction-of-rotation ratings, a slightly different pattern
emerges (see Figure 8). H ere the vertex-only conditions (VN and VR) are very
similar, judging by their frequency distributions.

M oreover, the line-drawn (LN
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and LR) stimuli produced distributions that were very close in shape. However,
even though the LN and LR frequency distributions were similar in shape, the LN
configurations received more ratings of "5." Recall that this rating was reserved
for stimuli where separate components appeared to go in opposite directions
within the same rotation.
Figure 9 plots the percentage of "5" ratings for both the rigidity-rating and
reversal-rating conditions as a function of stimulus configuration.

When

considering this one rating category, one finds that the frequency distributions are
very similar to one another. The LN stimuli, under both conditions, received the
greatest num ber of maximum-deformation and separate-com ponent reversal ratings.
This suggests that with the LN stimuli, perceived deformations seem to be
associated with a specific type of perceived reversal.

Directly in line with the

"partial stimulus reversal" hypothesis, then, the LN configurations appear to change
in structure (i.e., deform) and reverse in direction in a very specific way. This was
not true of the other three configurations observed in this study.

O f course,

common frequency distributions do not imply that the ratings of rigidity and
ratings of reversals are statistically correlated with one another (and even if they
were, inferences of causation could not be made).
Moreover, to further examine the incidence of maximum deformations and
reversals, the data were collapsed across both subjects and stimuli within each of
the four stimulus categories.

By looking only at individual stimuli that received

at least one rating of "5” on rigidity, and at least one rating of "5" on directionof-rotation, one can see some rather interesting results. Within the LN category,
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there were 112 ratings of maximum deformation coupled with 106 ratings of
maximum reversal. The VN category elicited 48 ratings of maximum deformation
and 36 ratings of maximum reversal. U nder the randomly defined figures, the LR
figures had a total of 16 ratings of deformation and 16 ratings of reversal.
Finally, the VR stimuli elicited 13 ratings of ”5" on rigidity, and 10 ratings of "5"
on direction-of-rotation. Hence, it seems that there is a fair am ount of agreement
between the two rating tasks. Moreover, when the data are grouped within each
of the four configurations, one can see that the LN stimuli elicited far more
maximum ratings on each of the two perceptual dimensions, com pared to the
other three stimulus types.
Some interesting aspects of this study can be examined by considering the
interactions between

several variables in

the design.

For example,

the

Lines/V ertices condition interacted with the Rigidity/Direction-of-Rotation ratings.
Generally speaking, the line stimuli appeared to reverse in direction more than
the vertex stimuli.

No similar changes were observed for the Rigidity condition

in term s of the use of lines or vertices. Secondly, the Lines/V ertices and Necker
S tart/R andom Start variables interacted. While the use of lines or vertices made
no difference for the randomly defined configurations, this m anipulation did affect
the ratings in the Necker Start condition. Collapsing across the Rigidity/Directionof-Rotation conditions, the Necker Start stimuli were rated higher in the line
stimuli condition than they were in the vertex-only condition. This indicates that
the N ecker cube stimuli interconnected with lines (i.e., LN stimuli) both deformed
and reversed more than the other configurations.

This finding, of course, was
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m entioned earlier.

Finally, an interaction was observed between Necker

S tart/R andom Start and Rigidity/Direction-of-rotation. Disregarding information
about the use of lines or vertices, the Necker Start stimuli under the Rigidity
condition received higher ratings compared to the Random Start configurations.
No strong differences were observed for the two shape categories within the
Direction-of-Rotation condition.
All of the analyses considered thusfar have examined ratings collapsed over
the 100 different stimuli (25 within each of the four configurations). In order to
assess the specific trends in the data as a function of each stimulus, median
ratings were plotted for each of the 100 different stimuli. Figure 10 includes the
median ratings of rigidity above the horizontal line while the median ratings of the
direction-of-rotation appear below the horizontal line. The negative numbers for
the direction ratings are included only for purposes of labeling - computationally,
the negative numbers are not meaningful.
If one examines Figure 10, it appears, judging by a stimulus-by-stimulus
comparison, that the LN configurations elicited the greatest number of nonrigid
ratings coupled with high ratings of reversibility.

In all, six stimuli (out of 25)

were in complete agreem ent with one another in this category (e.g., stimuli that
received a rating of 4 for rigidity and direction-of-rotation).

The other three

categories, VN, LR, and VR, all had consistently lower ratings on both
dimensions.

In terms of agreement between the two different rating tasks, four

different stimuli in the VN condition elicited identical median ratings, compared
to 12 in the LR condition and seven using the VR configurations.
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It appears, therefore, based on a rather large num ber of observers, that
individuals find the LN stimuli t'. deform more often than the other stimuli, as
well as contain components that appear to rotate in opposite directions.

If one

examines the overall categories, as m entioned previously, the general trend
indicates that the LN stimuli appear to deform and reverse in direction in a lawful
way. F urther studies need to be designed to specifically address the relationship
between the perception of rigidity and apparent stimulus reversals.

Aside from

the relationship between ratings of rigidity and direction-of-rotation, this second
study confirms what was determ ined in the first: LN configurations, with their
combination of line segments coupled with a shape regularity constraint, appear
to deform more than the other categories of stimuli.
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Figure 7. Frequency histogram for ratings of rigidity, plotted as a function of
configuration type. Data are collapsed across all subjects (N = 28).
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figure 8- Frequency histogram for ratings of direction-of-rotation, plotted as a
function of configuration type. Data are collapsed across all subjects (N = 27).
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Figure 9. Combined frequency histogram for the percentage of nonrigid and
opposite-direction reversal ratings (i.e., ratings of "5"), plotted as a function of
stimulus configuration.
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Figure 10. M edian ratings of rigidity and direction-of-rotation as a function of
individual stimuli within each of the four configuration categories.
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CHAPTER III

EXPERIMENT 3: DEFINING THE IDEAL OBSERVER

It is evident that research dealing with the perception of rigid and nonrigid
motion is difficult to conduct due to the abstract nature of the perceived qualities.
Many studies (e.g.. G reen, 1961; Todd, 1984) have utilized subjective rating scales,
similar to what were used in the previous two experiments.

Obviously, such

dependent measures are prone to unwanted extraneous inform ation such as the
response biases of the subject in addition to dram atic individual differences
between raters.

While the ratings provide an adequate overall assessment of

perceived events, their inherent ambiguity leaves room for more precise evaluation
techniques.

W hat is clearly needed in this realm of research, then, is a solid,

objective technique that is, for the most part, criterion-free (see Sperling, Landy,
Dosher, & Perkins, 1989, for one suggested objective strategy).

The Theory of

Signal Detection (TSD), while being slightly less direct in its scope (compared to
the ratings), offers one such objective measure (G reen & Swets, 1966).
TSD provides a technique which allows the researcher to tease apart
differences in sensitivity of the particular sensory modality in question, from
response bias that may exist in human subjects.

It should be noted that both

sensitivity and response bias are completely confounded when using ambiguous
measures such as a subjective rating scale.

The TSD paradigm, on the other

hand, yields two separate measurements such that both qualities can be teased
apart: £ is the measure of sensitivity, while beta constitutes the measure of
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response bias.
To illustrate, for the novice, how TSD is typically used in vision research,
imagine a simple task where the observer is asked to detect a change in motion
within a two-frame sequence. For the first session, one half of the trials presented
to the subject contain a small patch of dots, em bedded within a background of
dots, that is slightly shifted in one direction as both frames of the sequence are
displayed. The other half of the trials observed by the subject do not include the
displaced dots.

These trials, randomly presented to the subject, are term ed

"signal-plus-noise trials" and "noise-only trials," respectively.

The question then

becomes: Can the observer distinguish between the two different types of trials?
If the subject is extremely acute to changes in motion, you would expect the
individual to be very "sensitive."

However, if the individual were not quite as

sensitive to the motion change, a lower measure of sensitivity would result.
Further imagine the subject who has a tendency to indicate, regardless of the type
of trial presented, that the dots were displaced. O f course, when the dots really
are displaced, this subject would be correct in his/h er judgement. For the other
half of the trials, however, this person would be incorrect. This type of behavior
clearly indicates a strong "response bias," which can be assessed independently of
the sensitivity index m easured previously. T o further examine the subject’s visual
capabilities, subsequent experimental sessions might manipulate the degree of dot
displacement, in addition to the ratio of the moving trials versus non-moving trials.
These manipulations would allow the researcher to completely map the visual
capacities related to this type of motion task.
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Recall that Braunstein et al. (1987), as mentioned earlier, used TSD in
empirically testing some of the computational theories of extracting structure from
motion. Subjects in their study were presented with pairs of stimuli in which they
had to decide w hether the pairs were the same or different, based on the location
of the vertices of the object. Their stimuli, in other words, were made physically
different from one another. To date, no work has been done using TSD to study
differences in perceived versus physical deformations in rigid wire-frame rotations
(see Cutting, 1987, for an analysis of physically deforming solids).
The idea, then, is to implement a signal detection paradigm where a
stimulus with a mathematically rigid interpretation represents the "noise-only"
stimulus, while a stimulus with no mathematically rigid interpretation represents
the "signal-plus-noise" condition.

The question then becomes: Can subjects

distinguish between the two conditions? It would seem reasonable to expect that
the visual system would experience more difficulty in locating a physical
deformation em bedded within a perceptually deforming (although mathematically
rigid) stimulus, than it would in locating a physical nonrigidity within a
perceptually rigid stimulus.
Before one can proceed in answering the question outlined above, it
becomes necessary to validate the signal detection model for this particular
experimental situation. In order to do this, an "ideal observer" (G reen & Swets,
1966, Chs. 6 & 7) must be defined.

According to G reen & Swets (1966):

The ideal detector is defined by the type and am ount of information that
the detection device possesses about the signal waveform. If we limit the
information enough, then ultimately there will be some circumstances under
which the received information is equivocal - either hypothesis is possible and mistakes will arise.
The device that does best under these
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circumstances, that makes the fewest possible errors, is by definition the
ideal observer [italics added], (p. 176)
O f course, in reality, human observers are rarely as precise at making
discriminations as compared to the precision obtained by using a mechanical
detection device.

To circumvent this problem, a good TSD model needs to be

created which would allow a human observer to behave in a m anner that is
similar to the way the ultimate detection device would respond under the same
conditions. Unfortunately, for the present purposes, not enough is known about
the "device" - consequently, a comprehensive, accurate model could not be
constructed.
Given these limitations, then, in order to achieve a good model of TSD (at
least in part), one has to dem onstrate that measures of sensitivity are only
changing as a function of the amplitude of the stimulus in question. As the ratio
of signal-plus-noise / noise-only trials is changed, no change should be observed
in the sensitivity index.

Response bias, on the other hand, should change only

when the signal-plus-noise / noise-only stimulus trials ratio changes.

Moreover,

unlike measures of sensitivity, changes in amplitude should not produce a change
in response bias.
In principle, then, it is necessary to define the param eters involved for the
human observers when they are engaged in this particular experimental task. One
needs to completely define the underlying sources of the noise distribution, as well
as the signal-plus-noise distribution, in terms of how the subjects respond to the
stimuli. To do this, a model needs to be selected that accurately characterizes the
detection attributes of the observer; more specifically, as the subjects observe
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mathematically rigid and nonrigid objects, how accurately does the visual system
make this interpretation?

Furtherm ore, once selected, does the model reliably

m easure sensitivity and response bias?

If so, then sensitivity should vary as a

function of the am plitude of the signal; response bias should change as a function
of the signal-plus-noise / noise-only trials ratio. Once these param eters have been
defined, it will be possible to describe how subjects detect rigid and nonrigid
motion.
Ultimately, this technique can be used to determ ine the overall sensitivities
under all four of the configurational manipulations (LN, LR, VN, VR). That is
the goal of Experiment 4. For this experiment, however, the task is to define an
ideal observer for the TSD paradigm using a perceptually nonrigid (although
mathematically rigid) stimulus as the "noise-only" stimulus.

For the "signal-plus-

noise" stimulus, this same object will be used with the exception that some of the
vertices will move nonrigidly with respect to the others. The subject’s task, then,
is to distinguish between the two possibilities.
M ethod
Subjects. Six subjects participated in this experiment. All subjects (except
TM B) participated in the first experiment and were, therefore, well-practiced.
O ne subject (JLM ) had to drop out of the study two-thirds of the way through.
Apparatus. The experimental setup was exactly the same as that found in
Experiment 1. Subjects could examine the stimuli freely and respond on the unit’s
keyboard when ready.
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Stimuli. Rigidity ratings from Experiment 1 were examined for all subjects
and the stimulus that received the highest proportion of nonrigid ratings (i.e.,
ratings of 5) was selected as the experimental stimulus.

The assumption is that

this polyhedron appeared to deform the most, overall, for the entire group of
subjects. This particular polyhedron was examined by the author and WWS and
classified as to what aspects of the object appeared to cause the perceived lack
o f rigidity.

It was concluded that the motion of two separate vertices played a

large role in producing the perceived deformation.

Due to com puter memory

limitations, the stimuli used in this experiment underwent a 215 degree rotation,
not 241 degrees, as was the case in the first two experiments.
T o construct the "signal-plus-noise" stimulus, the stimulus had to be
physically deformed in such a way as to exaggerate the perceived deform ation of
the rigid object.

This was accomplished by varying the rate at which the two

selected vertices travelled with respect to the rest of the vertices. Obviously there
are a number of ways in which the stimulus could be physically deformed, but
varying the rate of these two vertices appeared to exaggerate the perceived
deformation.

A sinusoidal motion was used for varying the velocity of the

vertices. This manipulation allowed the vertices to start in the same positions as
they did in the noise-only stimulus, accelerate to a maximum velocity halfway
through the rotation, and end in the same positions as they would have in the
noise-only condition at the end of the rotation.

Consequently, no extraneous

structural cues were present in the static images at the start or end of the
rotation.

Figure 11 describes how the manipulated vertices moved with respect
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to the rigidly-moving points. The angular com ponent of the vertex is plotted as
a function o f the frame in the 215 degree motion sequence. Notice that the zeroam plitude line designates a rigid motion while the 0.02 and 0.04 conditions
(described below) refer to low and high am plitude nonrigid motions, respectively.
A range of velocities was selected such that the extreme values represented
both very easy and very difficult discriminations, in order to define the ideal
observer using TSD.

In addition, a range of signal-plus-noise trials / noise-only

trials ratios were selected so that changes in response criteria could be examined.
Ultimately, receiver operating characteristic (R O C ) plots were created integrating
both sensitivity and response criterion information.

Vertex velocity amplitudes

included 0.00, 0.02, and 0.04 pi radians out of phase (maximally, as determ ined
by the sinusoidal velocity function) with respect to the rest of the vertices.

The

reader should note that the zero-am plitude sessions represented control conditions,
so that sensitivity and response bias could be monitored when no physical
deformation was present.

The signal-plus-noise trials / noise-only trials ratios

included were 1:3 (25 signal-plus-noise trials, 75 noise-only trials), 3:1 (75 signalplus-noise, 25 noise-only), and 1:1 (50 signal-plus-noise, 50 noise-only). It should
be noted that these ratios were only nominal values; the actual ratios were
randomly determ ined trial by trial (by the com puter) and were usually quite close
to the nominal levels specified.
Procedure.

Subjects were instructed that some of the presented stimuli

would physically change shape throughout the course of rotation. Their task, then,
was to respond if the stimulus "deformed" or was "rigid," and to enter the response
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on the keyboard (D = deform, R = rigid).

Given this, there were two ways to

be correct, and two ways to be incorrect on any given trial: 1) respond "D" when
the stimulus physically deformed (correct); 2) respond "R" when the stimulus did
not physically change shape (correct); 3) respond "D" when the stimulus did not
change shape (incorrect); or, 4) give a response of "R" when the stimulus actually
changed shape (incorrect). In TSD terminology, these conditions refer to a "hit,”
"correct rejection," "false alarm," and "miss," respectively.

Feedback, in the form

of an auditory tone from the keyboard, followed correct responses.
The overall design was a 3 x 3 (velocity am plitude x signal-plus-noise trials
/

noise-only trials ratio) randomized block factorial design in which the

presentation order of the nine cells was randomized for each subject (Kirk, 1982,
p. 441). Practice trials were given, prior to the start of data collection, from each
of the am plitude conditions using a 1:1 signal-plus-noise trials / noise-only trials
ratio.

Practice trials continued until the subjects felt comfortable with the task

and sensitivity levels reached baseline. Each experimental session consisted of 100
stimulus presentations of a given cell of the design; therefore, the specified
signal-plus-noise / noise-only trials ratio, along with the vertex velocity amplitude,
rem ained constant within a given session.
Results and Discussion
T he results were tabulated in the form of several plots for each subject (see
Figures 12-23). The RO C curves plot the probability of a hit as a function of the
probability of a false alarm. Accurate discrimination in these curves is depicted
when a given subject has a combination of high hit rates along with low false
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alarm rates. Poor discrimination is indicated when the probability of a hit equals
the probability of a false alarm suggesting that the particular subject is most likely
guessing between the alternatives.

Two prom inent characteristics are important

in assessing the plotted results: 1) the relative distance points lie with respect to
the major diagonal, where subjects are performing at chance level, and 2) the
relative distance points lie from the minor diagonal, which runs from the upper
left-hand corner of the plot to the chance line. This line represents neutral bias,
where subjects show no strong preference for "rigid" or "deforming" responses in
their judgem ents (see Wright & Nevin, 1974). No curves were drawn on the plots
due to the small num ber of data points per condition.
In addition, in order to use the standard normal theory model of signal
detection, one needs to satisfy two major assumptions concerning the underlying
signal-plus-noise and noise-only distributions (Gescheider, 1976, pp. 64-68). First
of all,

both

distributions should

be

normally distributed.

Secondly, the

distributions should have equal variances. To test these assumptions, it is common
practice to graph the results on binormal ROC coordinates, where probabilities
of hits and false alarms are converted into normal deviate scores and plotted
accordingly. If one has satisfied the normality assumption, a least-squares line fit
to the data should capture the points in a linear fashion.

The equal variances

assumption has been met if the lines corresponding to the various sensitivity curves
are parallel to one another, each having a slope of 1.0.

Moreover, in term s of

response bias, least squares lines can be fit when the data are organized according
to the ratio of the signal-plus-noise / noise-only trials. Patterns of response bias
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can then be com pared to the neutral bias line.

Therefore, the data for each

subject are presented in three separate plots: 1) a standard R O C plot, where that
data are graphed according to the p(hit) and p(false alarm); 2) a binormal ROC
plot where least squares "isosensitivity" lines are fit to the data (organized
according to the am plitude of vertex movement) in order to assess patterns of
sensitivity; and 3) a binormal R O C plot where least squares "isobias" lines are
fit to the data (organized according to the ratio of signal-plus-noise / noise-only
trials) where patterns of response bias can be observed.
Upon examining the ROC plots, it is easy to see that the vertex amplitude
/ trials ratio manipulations produced fairly systematic results for most of the
subjects. The data for JES (Figure 12), for example, indicate that sensitivity was
quite high for the largest amplitude value, somewhat lower for the middle
am plitude value, and near chance levels at the zero-am plitude control conditions,
as expected. Criterion levels were also consistent with what one would expect namely, that 1:1 trial ratios produced no strong biases, 1:3 produced a negative
bias (i.e., a greater likelihood of rigid assessments), and 3:1 produced more
positive biases (i.e., a greater likelihood of nonrigid assessments). Figure 13 plots
JE S’s data on binormal coordinates. The isosensitivity bars (Figure 13a) indicate
that the underlying distributions are normally distributed (with the exception of the
.04 am plitude condition); the variances of the distributions, however, are not equal
to one another. This is particularly evident at the .04 am plitude condition where
a negative slope indicates that the variances of the underlying signal-plusnoise/noise-only distributions are changing as a function of the trials ratio -
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normally, this should not be the case.

Figure 13b outlines the response bias.

Generally, the response bias follows the predicted pattern - a 1:1 trials ratio leads
to a neutral bias, a 1:3 ratio produces a slight negative bias, and a 3:1 ratio
results in a positive bias.
bias line.

These lines, however, are not parallel to the neutral

This deviation is due, in part, to the aberrant data within the .04

am plitude condition.
Similarly, subject JLM was producing compelling results before dropping out
of the study (her plots are the only ones missing several data points). The RO C
plot dem onstrates (Figure 14) that, even given the paucity of data, definite
patterns were starting to emerge. As the amplitude was manipulated, sensitivity
was increasing as one would expect. One interesting aspect of JLM ’s data deals
with her performance at the .00 amplitude condition.

Notice that her sensitivity

was operating at levels slightly below what one would expect by chance.

The

binormal sensitivity plot (Figure 15a) shows that the experimental manipulations
were effective in changing sensitivity, at least according to the existing data.
Response bias (Figure 15b) for the 1:3 trials ratio, however, seemed to changing
as a function of amplitude, and not just the trials ratio, as would be expected.
Again, given the shortage of data, it is difficult to determ ine if these factors are
significant ones.
Moreover, some interesting data emerged from subject RW B (Figure 16).
Recall that this subject rated very few stimuli as being nonrigid in the first
experiment - in fact, the vast majority of his ratings were "Is," indicating strong
rigidity. Yet, judging by his ROC plot, he produced some fairly systematic results.
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However, if the signal-plus-noise / noise-only trials ratios are observed (as
illustrated in Appendix C), it can be seen that some of the values for the trials
ratios are out of sequence. To illustrate, within the .02 am plitude condition, one
could feasibly switch the values obtained for the 1:3 and 1:1 data points to
produce a systematic pattern.

RWB, however, was actually more accurate (i.e.,

higher p(hit), lower p(false alarm )) in his discriminations for the 1:3 ratio than for
the 1:1 ratio. The binormal plots indicate that his data are normally distributed
(marginally) whereas the variance seems to increase as the am plitude increases
(Figure 17a).

Response bias (Figure 17b) seems to systematically change along

with the trials ratios, as expected.
3:1 ratio, .04 am plitude data point.

One exception to -this can be found with the
This value is an outlier and, consequently,

affects the fit of the least squares line.

Overall, as the trials ratios were

manipulated, RWB changed his bias in favor of a negative one as the am plitude
went from .02 to .04.
W hen looking at the data for the inexperienced observer TMB (Figure 18),
one can see definite predictable patterns, although perhaps not as clearly as the
subjects previously mentioned. Despite the fact that, overall, this subject was not
as sensitive as the other subjects, the anticipated pattern once again emerges.
TM B was not as sensitive to the amplitude change as were some of the other
subjects. Therefore, the data for the .00 and .02 amplitude conditions were not
greatly separated.

Figure 19a contains the isosensitivity lines and indicates that,

in term s of normally distributed data, the fit is reasonable. Judging by the slopes
of the lines, the variances in the signal-plus-noise distributions change as the
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am plitude increases; therefore, while these changes clearly deviate from a standard
normal-theory of TSD, the patterns are at least systematic.

The isobias lines

(Figure 19b) indicate that changes in bias were not as systematic as that found
with sensitivity. Values found at .00 amplitude were fairly close to the expected
neutral bias region; the .02 and .04 lines, however, deviated markedly from
expectations.

The actual fits, in addition, are not good ones and interfere with

the interpretation of the criterion.
Subject WWS (Figure 20) displayed the expected pattern of results, with
two exceptions.

Two of the data points for the middle amplitude condition

overlap; the top point seems to fit the pattern of responses, whereas the bottom
point (i.e., the 1:3 ratio) deviates from what one would expect. Furtherm ore, the
high am plitude condition produced a rather odd pattern of responses. Since the
discrimination was so accurate for this amplitude, however, the discrepancies are
probably not significant.

Note that out of three points for the .00 amplitude

condition, two (1:3 and 3:1 trials ratios) fall below chance levels in terms of
sensitivity.

W hen plotted on binormal axes (Figure 21a), all of the data are

normally distributed; variances, however, once again change systematically as the
am plitude increases. Figure 21b indicates that the change in response bias is very
similar to that exhibited by RWB.

Namely, the 1:1 and 1:3 trials ratios were

systematic and close to what would be predicted by the standard normal theory
of TSD.

For the 3:1 trials ratio, however, when looking at the .04 amplitude

condition, WWS changed his bias in favor of a negative (rigid) one as the
am plitude went from .02 to .04.
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The most aberrant data came from MJH (Figure 22). This subject started
out performing as one would expect. However, midway through the experiment,
this subject noticed an extraneous cue present in the stimuli and was able to
capitalize on this confound.

This is seen most clearly in the near-perfect

performance 1:1 trials ratio, .02 amplitude condition.

The subject reported that

differences in the way the computerized image was digitized allowed him to
respond accurately regardless of the trials ratio or am plitude conditions (except
at the .00 am plitude condition, where the digitization cue never had a chance to
reveal itself). Specifically, MJH reported that a near-vertical line segment present
in the polyhedron was fragmented differently depending on w hether the stimulus
was presented within a noise-only trial or signal-plus-noise trial. No other subjects
noticed this cue. Even subject MJH did not notice the extraneous variable until
after several sessions had been completed.

As is dem onstrated below, the

paradigm used in Experiment 4 resolved this problem.

Given these problems,

M JH ’s data do not represent a good fit in terms of normally distributed data,
equal variances (Figure 23a) or response bias patterns (Figure 23b). In terms of
sensitivity (see Figure 23a), if the 1:1 trials ratio, .02 am plitude point were
removed, a reasonable fit would be found for the .02 am plitude condition; the
negative slope at the .04 amplitude condition, however, is still difficult to account
for when com pared to the other conditions.
A fter the ROC curves were constructed, sensitivity and response bias
indicators were sought that behave in the way an ideal observer would behave.
Choices of signal detection models range from straight normal theory models (e.g.,
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G reen & Swets, 1966) to nonparam etric techniques of establishing the area
underneath the curves (e.g., Swets, 1988). The ideal observer should behave in
the following manner: While bias remains constant, higher am plitude values should
produce high sensitivity measures; zero amplitude values should force the subject
into guessing the correct alternative thereby producing no sensitivity; the middle
am plitude value, if properly chosen, should fall somewhere in between the two
extreme values.

Response bias values would also be expected to change

systematically along with the signal-plus-noise / noise-only trials ratio. Now, while
sensitivity remains constant, low trials ratios (1:3) should produce a negative bias,
while high trials ratios (3:1) should produce a positive bias.
As m entioned previously, if one wants to apply the standard normal theory
of TSD in order to define the ideal observer, certain assumptions need to be met
(G escheider, 1976, pp. 64-68). In relation to the normality assumption, where it
is assumed that the underlying noise-only and signal-plus-noise distributions are
normally distributed, almost all of the subjects produced data that could be fit
reasonably well with a least squares line.

JES, RWB, and M JH each had

individual cases where the normality assumption was violated but, overall, this
assumption seems to have been satisfied.
The biggest problem is with the assumption of equal variances, where the
underlying d istrib u tio n should b

equated in terms of their variability.

Upon

examining the binormal plots containing the isosensitivity lines, one can see that
all o f the d ata violate an equal variance model.

Therefore, strictly speaking, a

standard normal homoscedastic model (G reen & Swets, 1966) will not fit the data
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well. However, in looking at the isosensitivity lines for each subject, it seems as
though a heteroscedastic model might do a reasonable job in fitting the data. To
illustrate, many of the subjects exhibit greater variances as the amplitude of the
vertex movement increases from .00 to .04. For example, subjects JES and JLM
dem onstrate reasonable fits to a heteroscedastic model if the .04 amplitude
conditions are ignored (see Figures 13a & ISa).

RWB shows a good fit at .00

and .04 amplitudes, with a possible fit at the .02 am plitude values (see Figure
17a). The naive subject TMB dem onstrates a plausible fit at the .00 amplitude,
while dem onstrating less organized fits at amplitudes of .02 and .04 (see Figure
19a). Subject WWS probably represents the best overall fit if one were to adopt
a heteroscedastic model of signal detection. As the am plitude was increased from
.00 to .04, a systematic change in the slopes of the lines can be seen (see Figure
21a).

The only subject’s data that are not well-represented (at least partially) by

a heteroscedastic model are those of MJH.

Even if the outliers due to

confounding are ignored, no reasonable fit is apparent using such a model (see
Figure 23a).
It appears, therefore, that a reasonable fit for sensitivity might be found by
adopting a heteroscedastic model.

Many authors (e.g., Gescheider, 1976; G reen

& Swets, 1966) recommend an index of sensitivity known as "delta-m" when faced
with the problem of heteroscedasticity. Unlike measures of d’ (which are used in
homoscedastic models), delta-m is calculated based on the absolute difference
between z(p(hit)) and z(p(false alarm )) when z(p (h it))= 0 (Gescheider, 1976, p.
67).
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The problem, however, is finding a good index of response bias for these
same data.

Isobias lines suggest that several of the subject’s data could not be

accurately represented by a heteroscedastic model (i.e., TMB, Figure 19b; MJH,
Figure 23b). Furtherm ore, even if the model could fit the data, a response bias
index that is compatible with delta-m is not available. Given that both sensitivity
and response bias measures were necessary in this series of experiments, therefore,
a heteroscedastic model of signal detection was not appropriate.

Given these

constraints, normal theory param etric signal detection models could not be applied
to the current data.

Consequently, a non-param etric counterpart was utilized in

analyzing the results of the present study.
Many non-param etric signal detection models are available to the sensory
researcher. These analyses are non-param etric in the sense that no assumptions
are made regarding the form of the underlying distributions.
however, do require assumptions about the

association

C ertain indices,

between

the

two

distributions (see G rier, 1971). A problem with many of these indicators is that
they present an index of sensitivity alone, or response bias alone, but do not offer
a p a il of measures that can be used in conjunction with one another to evaluate
both qualities simultaneously.

For example, Swets (1988) offers an elegant

measure of sensitivity which is independent of the frequency of events as well as
the response criterion of the subject - both very desirable qualities when trying to
quantify discrimination accuracy. However, an analogous counterpart which could
be used to describe criterion differences was not included.

For the purposes of

this experiment then, where both qualities are important, the solitary indices are
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not desirable.
Nevin and his colleagues (see Nevin, Jenkins, W hittaker, & Yarensky, 1982;
Nevin & MacWilliams, 1983) have developed sensitivity and criterion indices
(based on the work of Luce, 1963) which have been used successfully in nonhuman behavioral studies.

His work has dem onstrated that a measure of

sensitivity, "D" (corresponding to "d,n in normal theory), can be calculated based
on the following formula
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while a measure of response bias, "B" (corresponding to "beta" in normal theory),
can be calculated in the following way
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The above formulae base their computations on the probabilities of hits
(H), misses (M), correct rejections (CR), and false alarms (FA) that are obtained
within in a given experimental session, where (in this study) the signal-plus-noise
/ noise-only trials ratio and velocity amplitude are held constant.

In order to
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avoid the division by zero, subjects obtaining a p(hit) or p(false alarm) = 1.00 or
0.00, values were changed to 0.99 and 0.01, respectively.
Extracting the information from the RO C plots discussed previously, one
can calculate measures of D and B for the combination of effects for the trials
ratios and the vertex amplitudes. Figures 24-26 plot the values of the logarithms
of D as a function of the trials ratio for each subject. The plots are categorized
according to the maximum phase difference of the vertex movement (0.00, 0.02,
or 0.04 pi radians out of phase). Note that as the am plitude increases (i.e., going
from Figures 24 through 26), the sensitivities tend to increase accordingly.
Intuitively, this would be expected; as the physical deform ation becomes more
pronounced, subjects can detect the change in shape more readily. Moreover, if
the sensitivity index is a stable one, the values should stay the same regardless of
what the trials ratios equal.

That is, since measures of sensitivity are supposed

to index the am ount of area under a given RO C curve, it should not m atter where
on the curve one takes their m easurement from. Judging from the data, measures
of D are relatively stable across the signal-plus-noise / noise-only trials ratios.
There are, however, two exceptions.

For example, if one examines MJH at the

0.00 am plitude level, for both 1:3 and 3:1 trials ratios, it can be seen that he is
actually performing at below-chance levels; also, M JH ’s D value at 0.02 amplitude,
1:1 trials ratio is clearly an outlier due to the digitizing cue discussed above. It
should be apparent to the reader that, while there are individual differences
between subjects, the pattern of sensitivity values remains constant as the signalplus-noise / noise-only trials ratio changes.

One would expect a good model of
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signal detection to maintain that relationship.
Figures 27-29 outline the response criteria (B) adopted by the subjects.
These graphs plot the logarithm of B as a function of the am plitude of vertex
m ovement and are categorized according to the ratio of signal-plus-noise / noiseonly trials (1:1, 1:3, 3:1).

The central horizontal line designates an equal bias

region where subjects do not dem onstrate a bias either in favor of rigidity or
nonrigidity. D ata points falling below this line indicate a bias in favor of rigidity,
while points falling above reveal a tendency to evaluate the stimuli as being
nonrigid.

Conceptually, as the number of signal-plus-noise trials increases, one

should expect to see a corresponding shift in the response criterion. If B is truly
independent of D (as it should be), then the change in vertex amplitude should
not affect the bias values. The levels should only change due to the increase in
the relative proportion of signal-plus-noise trials, shifting from a rigid to a nonrigid
bias as this proportion increases.
U pon examining the data, this trend seems to be generally true. With very
few signal-plus-noise trials being presented, subjects maintain a conservative
criterion and thereby dem onstrate a tendency to respond in favor of rigid events
(see Figure 27). As the number of signal-plus-noise trials increases, the bias shifts
from an equal bias tendency (Figure 28) to a criterion which favors nonrigid
events (Figure 29).

Overall, the response data map out a very neat, orderly

relationship; the only real exception to this comes in the .04 am plitude level at
the 3:1 trials ratio.

Three of the six subjects responded in the way that was

predicted (i.e., TMB, JLM, & MJH).

Their criteria shifted in favor of nonrigid
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events. However, the other three subjects (JES, RWB, & WWS) fell well below
the equal bias line which indicates that their bias favored rigid events.

The

reason for this is simple: if one examines the RO C values for these sessions, it is
clear that the subjects perform ed almost flawlessly. Their sensitivity was very high
indicating that the task was so easy, it was trivial.

If the p(false alarm) is

examined as an indicator of certainty for these sessions, then it can be seen that
these three subjects were quite confident in their judgem ents - all three subjects
had a false alarm rate of 0.00.
bias tendencies.

Hence, these subjects dem onstrated very small

For these subjects, very little guesswork was involved.
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BINORMAL ROC PLOTS
N O R iU l-D X V U T I VALUXS POR P(H1T) AND
SU B JE C T - JE S

P(rA)

4-

/

3

/

/

/

X

*

1o-

I

/

-1

/

-I

/

r

- 3■

1

T - '— r
-3

i 1 i ■—i—■—i—•—r
-X

-I

0

1

X

3

4

Z(P(FALSE ALARM))
AMP

0
4
3
X

b

?
|

B -B -O 0 .0 2

\
\

'
•

\

-4

^

\ \

\ \

-X

-3

0 .0 4

S.

\

Y
\
i • i—•—i—'—i—■—i—1—i—'—i—•—i—'—r
4

-3

-X

-1

0

1

X

3

4

Z(P(FALSE ALARM))
b a t io

6 -a-a 1: i

e -e -a i :j

j

:t

Figure 13- Subject JES: a) Binomial ROC plot depicting isosensitivity lines,
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Figure 14. Receiver operating characteristic curves for subject JLM.
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Figure 16. Receiver operating characteristic curves for subject RWB.
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Figure 18. Receiver operating characteristic curves for subject TMB.
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Figure 19. Subject TMB: a) Binormal ROC plot depicting isosensitivity lines,
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Figure 20. Receiver operating characteristic curves for subject WWS.
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Figure 21. Subject WWS: a) Binormal ROC plot depicting isosensitivity lines,
b) Binormal ROC plot depicting isobias lines.
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Figure 22. Receiver operating characteristic curves for subject MJH.
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Figure 24. Sensitivity (log(D)) as a function of signal-plus-noise / noise-only trials
ratio. Amplitude of vertex movement equals 0.00.
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Figure 25. Sensitivity (log(D)) as a function of signal-plus-noise / noise-only trials
ratio. Amplitude of vertex movement equals 0.02.
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Figure 26- Sensitivity (log(D)) as a function of signal-plus-noise / noise-only trials
ratio. Amplitude of vertex movement equals 0.04.
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Figure 27. Response bias (log(B)) as a function of amplitude of vertex movement.
Signal-plus-noise / noise-only trials ratio equals 1:3.
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Figure 28. Response bias (log(B)) as a function of amplitude of vertex movement.
Signal-plus-noise / noise-only trials ratio equals 1:1.

93

RESPONSE BIASES (LOG(B))
II8N AL-PLU S-N 0IIE / MOISE-ONLY TRIALS RATIO - J :1

1 .6

1.0

LOG(B)

0.6
0.0
0.6 - 1. 0 -

1 .6

0.00

O.OX

0 .0 4

AMPLITUDE OF VERTEX MOVEMENT
S U IJE C T

• • • JE S

O □ □ JL U

• * * U JH

A A A RVI

* * * TUI

Figure 29. Response bias (log(B)) as a function of amplitude of vertex movement.
Signal-plus-noise / noise-only trials ratio equals 3:1.
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CHAPTER IV

EXPERIM ENT 4: TSD AND STIMULUS CONFIGURATION

In order to test for differences in sensitivity across the four configurational
conditions (LN, LR, VN, VR), this experiment had subjects view examples from
each condition and measures of sensitivity (D ) and response bias (B) were
calculated.

The goal was to see if the configurational manipulation affects

sensitivities an d /o r criterion levels.

Ultimately, it is hoped that this technique

would lead to an effective, objective measure of rigid and nonrigid motion under
the various stimulus arrangements.
In order to understand the rationale behind the current study, it becomes
necessary to reiterate several components from the previous experiments.

First,

recall that the subjective ratings (Experiments 1 & 2) indicated that the LN
stimuli, though mathematically rigid, were often perceived as undergoing a nonrigid
translation. Further recall that the LN stimuli appeared to be a regularly shaped
cube prior to rotation; upon rotation, however, the various translations in depth
(i.e., z-translations) became apparent to the observer. This one category of stimuli
was, overall, judged as being more perceptually nonrigid than the other 3
categories: 1) VN stimuli, which were geometrically equivalent to the LN objects,
except that the vertices were not interconnected by line segments; 2) LR stimuli,
w here the x, y, and z coordinates were randomly determ ined; and 3) VR stimuli,
which were geometrically equivalent to the LR objects, except that the vertices
were not interconnected.
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Second, since the LN stimuli were sometimes perceived as deforming, it
should be the case that a physical (m ath em atical deform ation em bedded within
this type of configuration should be difficult to detect.

Given this kind of a

discrimination task, it should be possible to use a signal detection paradigm, as
was the case in Experiment 3. Using this as a foundation, one should be able to
em bed a physical deform ation within each of the four categories of stimuli and
measure sensitivities and response biases using TSD.

If it is true that the LN

stimuli appear to be deforming more than the other configurations, then these
differences should be revealed in the form of lower relative sensitivities for
detecting the physical deformations.

Once this has-been determ ined, specific

components of the stimuli can be examined to assess their role in producing the
apparent deformation.
O f course, in order to directly compare the different configurations with one
another, the stimuli have to be matched to some degree across the four categories.
This was accomplished by equating the three-dimensional coordinates of the
vertices that were involved in producing the physical deformation. The physical
deformations, similar to what was done in Experiment 3, were produced by moving
selected vertices out of phase with the remaining vertices during a single rotation.
In all four categories, then, the vertices that were involved in the physical
deformations traced out identical paths in three-dimensional space.

The only

aspects that differed were the configurational categories from which the objects
came.
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M ethod
Subjects.

Initially, three subjects (JES, WWS, M JH) participated in the

experiment. All three subjects participated in the first and third experiments and
were, therefore, very well practiced.

In addition, two other subjects (EA H and

JEA ) were tested in later sessions to confirm the results established by the initial
subjects.

D ue to an oversight, subject EA H failed to com plete the VR, low

am plitude cell of the design.

Since the data from the other subjects for this

condition proved to be very consistent, no effort was m ade to collect the missing
data.
Apparatus. The same experimental setting was used. Subjects were given
feedback for correct responses.
Stimuli. Four different stimuli were observed: 1) A stimulus from the LN
condition; 2) the same stimulus under the VN condition; 3) a stimulus from the
LR condition; and, 4) the same stimulus from (3) under the V R condition.
T he stimulus from the LN condition was selected, similar to Experiment 1,
based on the maximum ratings of nonrigidity. Again like the earlier experiment,
the deform ation was exaggerated by moving the vertices involved out of phase
with respect to the rest of the vertices. U nder the VN condition, the stimulus was
identical to the LN stimulus with the exception that the vertices were not
interconnected.

The LR stimulus was selected based on the maximum rigidity

ratings. In order to partially equate this stimulus to the LN and VN conditions,
the m anipulated vertices from these conditions were matched in terms of their
three-dimensional coordinates.

After the LR vertices were m atched to their LN
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and VN counterparts, the LR stimulus was again checked in order to ensure that
the stimulus remained rigid. Note that not all of the vertices were matched, but
only the ones that were accelerated in the LN stimulus. Finally, the VR stimulus
was structurally identical to the LR stimulus except that the vertices were not
interconnected.
Recall that subject MJH, in Experiment 3, was able to capitalize on a
previously m entioned

unwanted

two-dimensional

image digitization

cue

in

distinguishing between rigid and deforming stimuli (none of the other subjects
rem arked that they had noticed this).

To alleviate this problem, unlike

Experiment 3, each trial within an experimental session positioned the polyhedron
at a different rotational location. The starting position for each trial was randomly
determ ined by the com puter and consequently did not allow the observer to make
comparisons between various line segments in term s of the way they were
digitized.

The actual shape of the object, of course, did not change - only the

angular position in which the rotation began and ended.

Based on verbal

descriptions provided by the subjects, this control procedure was completely
effective at eliminating the digitizing cue.
Procedure. A 3 x 2 x 2 (three levels of vertex am plitude x two sets of
vertex coordinates x lines/vertices) randomized block factorial design was
im plem ented
deformation.

to

study the effects of stimulus configuration on

perceived

The am plitude values selected were changed from the third

experim ent’s values in order to obtain a finer grain in the sensitivity measures.
In addition, since this experiment contained a mixture of experienced and
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inexperienced observers, different amplitude values were selected to reflect the
differences in velocity thresholds.

For experienced observers JES and WWS,

am plitude values of 0.0, -0.03, and -0.06 pi radians out of phase were selected.
For subject M JH, 0.00, -0.045, and -0.090 pi radians were found to be appropriate.
Finally, for observers JE A and EAH, values of 0.00, -0.055, -0.110, and 0.00,
0.065, -0.130 pi radians, respectively, were used.

-

Consequently, the results are

discussed in terms of "relative amplitude" (i.e., Low (0.00), Medium, and High) so
that the subjects could be directly compared with one another. Note that the 0.00
("LOW") amplitude was included as a control condition in order to monitor
relative performance.
The order of presentation of the experimental cells was randomly assigned
to each subject.

Generally, the procedure was the same as that used in

Experim ent 3 with the exception that subjects were looking at examples from each
of the four types of stimulus configurations.

Moreover, only a nominal 1:1

signal-plus-noise / noise-only trials ratio was used as compared to the three ratios
used in the last experiment.

Initially, each subject participated in a total of 12

experimental sessions (1 session per cell); subjects EAH and JE A later replicated
many of the experimental cells in order to assess their between-session variability.
Results and Discussion
After all the data were collected, values of sensitivity (D ) and response bias
(B) were

calculated

to help

assess the

differences in sensitivity to

the

manipulations. It was hypothesized that the three rigid-appearing conditions (LR,
VR, VN) would produce similar patterns of sensitivity across the three vertex
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amplitudes, given their rigid appearance.

In addition, it was expected that the

nonrigid-appearing condition (LN) would elicit lower sensitivity values.
The data are plotted in Figures 30-35. In term s of sensitivity, Figures 3032 show the values of D as a function of stimulus configuration across the three
am plitude levels.

For the "LOW" (0.00) amplitude condition (Figure 30), recall

that the m anipulated vertices never moved out of phase with respect to the other
vertices. This one condition, then, served as an experimental control and can be
used as a basis for comparison.

As expected, the sensitivities in the control

condition do not systematically change since the signal-plus-noise trials are
identical to the noise-only trials (i.e., both undergo rigid rotations). All subjects,
regardless of the configuration, dem onstrate this fact as evidenced by their near
zero sensitivities.

By examining the overall between-subject variability in the

control condition, it can be seen that values deviate from one another, maximally,
by about .25 units (e.g., the range from JES to MJH within the LR configuration).
This approximate variability index will be used in the other am plitude conditions
to aid in the interpretation of between- and within-subject differences as a function
of configuration. M oreover, since the hypothesis states that the LN configuration
should

elicit lower sensitivity values than

the

other three

configurations,

comparisons will be made with respect to the LN condition.
As the relative amplitude of vertex displacement was increased to
"MEDIUM" (Figure 31), sensitivities across the configurations changed accordingly.
T o illustrate, using the variability index of .25 as a rough confidence interval, the
data for subject EAH indicate that sensitivity to configurations VN, LR, and VR
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were all different from the LN stimuli.

More specifically, EAH was the least

sensitive to the vertex phase changes within the LN stimuli.

Subject JEA

dem onstrated a similar, although somewhat less distinct, pattern of sensitivities.
G early, the VN sensitivity is much higher than that found in the LN category; the
LR and VR sensitivities are higher than the LN sensitivity, but not more than .25.
Subject JES exhibited higher sensitivities in both the LR and VR objects
com pared to the LN. The VN sensitivity, however, was identical to that found in
the LN configurations, both hovering around zero-sensitivity.

Two of the

observers, M JH and WWS, were not very sensitive to the vertex phase shift in any
of the configurations. The only possible exception to this lack of sensitivity can
be found with M JH using VR stimuli. His sensitivity was marginally higher in the
VR category com pared to the other three configurations.
In sum, at the middle amplitude level, many of the subjects started to
differentiate between the physically rigid and nonrigid polyhedra. For one subject
(EA H ), this m oderate change in amplitude was sufficient for discriminating
between the signal-plus-noise and noise-only trials in the VN, LR, and VR
conditions.

H er sensitivity for the LN objects, however, was near zero, as

predicted in the initial hypothesis. Two of the four remaining subjects (JEA and
JES) showed good discrimination with at least one of the configurations compared
to the LN stimuli.

The middle amplitude values, then, allowed some of the

subjects to discriminate between rigid and nonrigid motion across the four
configurations.
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W hen the relative sensitivity was increased to "HIGH," a clear pattern starts
to em erge (see Figure 32). Again using an interval of .25, notice that all subjects,
except MJH, exhibited lower sensitivity values in the LN condition compared to
the other three categories. M JH had relatively stable sensitivities in the LN, VN,
and V R categories; the LR condition for M JH produced a higher relative
sensitivity. Further notice that all of the subjects, except JEA , produced sensitivity
values in the LN condition that were less than the minimum sensitivity values in
all of the remaining configurations.
In the highest am plitude condition, therefore, subjects exhibited the lowest
sensitivity for the LN stimuli, as predicted.

These results indicate that motion

discrimination deteriorates when the moving contours are imbedded within a
perceptually deforming (although mathematically rigid) stimulus. Further analysis
of Figure 32 indicates another interesting trend: all of the subjects, except JEA,
had the highest sensitivities in the LR condition. Based on these data, it appears
as though the LN stimuli presented the most difficult discrimination task, while
the LR presented the easiest.

Recall that both of these configurations have

vertices that are interconnected by line segments - they differ in the way that the
LN stimuli have the Necker cube-like regularity constraint while the LR polyhedra
contain vertices that are randomly defined. Finally, the reader should observe that
intersubject differences are rather substantial.

For example, subject JEA

m aintained the highest overall sensitivity values while sustaining the same pattern
of sensitivities as that found with the other subjects.
hand, produced very low overall sensitivities.

Subject JES, on the other

Again, however, his pattern of
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sensitivities across the four configurations was similar to the other subjects.
W hen considering the notion of response bias, one can see that the data
characterize the anticipated results.

Since the ratio of signal-plus-noise / noise-

only trials was kept constant across all of the conditions (i.e., 1:1), one would not
expect to see dram atic shifts in criterion levels. Figures 33-35 indicate that this
was indeed the case. As the amplitude was manipulated from "LOW” to "HIGH,"
response biases remained constant throughout.

To illustrate, the "LOW" (0.00)

am plitude condition (Figure 33) produced response biases that were stable across
the configurations.

All of the subjects’ biases hovered around the neutral zone

indicating no strong criterion shifts as the configuration type was manipulated.
There is a slight tendency for the LN stimuli to produce a positive (i.e., nonrigid)
bias; this pattern does not continue as the amplitude increases.
In considering the "MEDIUM" and "HIGH" am plitude conditions, again no
systematic change in criterion is observed.

There is an interesting shift in the

negative direction for VN polyhedra under the middle am plitude sessions (Figure
34). This shift, however, is slight relative to the other values and probably is not
significant.

Furtherm ore, as the amplitude was changed to the maximum level

(Figure 35), response biases remained unaffected.

Generally, subjects were

consistent in their criteria and m aintained those levels regardless of the
configuration being observed.
In conclusion, response biases remained stable across the conditions, as was
expected. As the amplitude changed from the minimum to the maximum levels,
no significant shift could be discerned. It is interesting to note that most of the
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response biases were slightly in favor of rigidity; the only possible anomaly would
be the LN stimuli within the low amplitude sessions, where the biases were slightly
skewed in favor of nonrigid responses.
To help summarize the data, Figures 36-37 represent the mean performance
for sensitivity and response bias, respectively.
error of the m ean for each configuration.

E rror bars indicate the standard
(Note; since the design includes

subjects as a blocking variable, the standard erro r bars tend to be overly
conservative in assessing variability.)

Notice that in terms of sensitivity, the LN

condition shows the lowest mean value of log(D) across all four possibilities. Next
comes the geometrically-equivalent counterpart to the LN stimuli, the VN
configurations. Finally, the LR and VR conditions are represented by the highest
sensitivity levels.

It is easy to see that the am plitude change produced three

distinct levels of performance within each configurational category. M ean response
biases were plotted in the same way and indicate what was m entioned earlier: that
response bias rem ained constant across the manipulations with a slight difference
between the LN and VN conditions.
As mentioned previously, while subjects JES, MJH, and WWS each
completed one session per experimental condition (for a total of 12 sessions each),
subjects EA H and JE A participated in several repeated sessions in order to assess
the stability of the measured indices.

The data mentioned up to this point

included only the first sessions from these two subjects so as to equate their
sessions with those of the first three subjects.

Figures 38-39 plot the same

inform ation as described with the previous figures, with the addition of the data
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from the repeated sessions. Table 2 indicates the number of repeated sessions for
JE A and EAH.
Table 2
Total N um ber of Sessions for Subjects JEA and EAH

JEA:
Configuration

LOW

M EDIUM

H IG H

LN

2

2

2

VN

3

2

2

LR

2

2

2

VR

2

2

2

Configuration

LOW

M EDIUM

H IG H

LN

2

2

2

VN

1

1

3

LR

1

3

2

VR

1

4

2

EAH:

When the data are collapsed, the trends become even more pronounced.
It can be seen from Figure 38 that the LN stimuli are clearly more difficult with
respect to the discrimination task. This difference seems to be enhanced with the
higher amplitude condition. Response bias, once again, remains stable across the
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four configuration types (see Figure 39).
In order to assess the between-session variability, Figures 40-45 plot the
sensitivities and response biases as a function of the num ber of repeated sessions
for each subject.

Figure 40 shows that the sensitivities for two sessions of LN

stimuli at the "LOW" amplitude level remained constant for subject EAH.
Response bias for the same conditions went from a neutral one in the first session
to a slightly negative ("rigid") one upon repeated testing.

For the "MEDIUM"

am plitude situation (Figure 41), EAH was fairly stable with respect to sensitivity.
N ote that both of the LN sessions resulted in low sensitivities relative to the other
configurations. Criterion levels for these sessions were constant; the VR and the
LR sessions resulted in negative biases while the two LN conditions were centered
around a neutral bias.

In the "HIGH" am plitude condition (Figure 42), EAH

dem onstrated a meager increase in sensitivity for all of the configuration types
over the course of the first two repeated sessions. In the third session, sensitivity
dropped using the VN polyhedra. The important elem ent of Figure 42 is that for
both of the repeated sessions, sensitivity was consistently lower in the VN
condition than that found in the other three categories. Response bias was quite
stable across the repeated sessions depicting a slight negative bias throughout.
The general them e of stability was also exhibited by subject JE A over the
repeated sessions (Figures 43-45). For example, Figure 43 shows the sensitivities
and response biases for the zero-amplitude conditions.

The VN stimuli are

intriguing in that over the course of three sessions, both sensitivity and bias
steadily decrease. W hether or not this trend is a reliable one is unclear due to
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the small num ber of replications. In the middle amplitude level (Figure 44), JEA
increased in sensitivity from the first to the second session when considering the
VR and LR categories. The LN and VN sensitivities, however, stayed the same,
or decreased slightly, over time.

These pairings are interesting due to the fact

that each pair represents geometrically equivalent figures.

Once again, the lack

of further sessions makes it difficult to decipher this relationship. Response bias
is stable and somewhat negative across the stimulus categories, as one would
expect. Finally, the largest amplitude repeated sessions for JEA are diagrammed
in Figure 45.

In terms of sensitivity, these data are extremely stable over time.

Note that the LN stimuli fall well below the other configuration types over both
sessions.

Response bias is equally as consistent demonstrating that the criterion

levels are not shifting as a function of the time of measurement.
In summarizing these repeated-m easures data, the indices of sensitivity of
response bias are remaining stable over time. With the exception of several small
discrepancies, subjects were consistent in their judgements and the location of their
decision criterion. Learning (i.e., a "practice effect") does not seem to be a factor
in this research program.
Given this information, one can be confident in stating that the initial sessions,
with each subject completing one session per cell of the experimental design, were
reliable assessments of performance.
In conclusion, it appears as though three main findings can be discussed
with respect to this last study. First of all, the shape of the figure plays a major
role in these discrimination tasks.

W hen subjects are asked to discriminate
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between physically deforming from physically rigid stimuli, the task becomes more
difficult when perceptually deforming stimuli are examined (i.e., LN configurations)
com pared to perceptually rigid stimuli (i.e., VN, LR, and VR figures).
the rate at which the vertices move out of phase is also important.

Second,
Levels of

sensitivity were found to vary systematically as a function of the particular
am plitude used.

Finally, individual differences between subjects were quite

apparent. The reader should keep in mind that the velocity amplitudes necessary
for discrimination varied from subject to subject.

Hence, nominal amplitudes

were discussed (i.e., "HIGH", "MEDIUM," and "LOW").
This experiment has pointed out some significant findings that relate to the
perception of velocity and deformation. It was determ ined that discrimination was
difficult when the stimulus being observed consisted of a line-drawn figure with
a N ecker cube-like shape regularity.

Furtherm ore, if the exact same geom etric

configuration is examined, without benefit of the interconnecting line segments
(i.e., VN stimuli), the perception of velocity is enhanced.

The key component,

therefore, seems to be the way in which lines interact within a given configuration.
Since the LN configurations were perceived as deforming m ore often than the
others (based on the rating studies), regularly arranged line segments moving
through three-dimensional space are somehow capable of misleading the visual
system into adopting an incorrect interpretation.

When the regularity constraint

is removed (i.e., LR figures), the presence of lines reduces the likelihood o f a
perceived deformation and, at the same time, augments one’s ability to accurately
recover changes in velocity.

Based on this premise, a post-hoc hypothesis of
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velocity/deform ation perception will be developed in the next section.
O f course, one has to keep in mind that only four exemplar stimuli were
examined in this last study.

Therefore, one needs to be cautious about over-

generalizing the results to other situations and other stimuli. However, based on
these specific examples, the pattern of results is compelling.

More data need to

be collected to verify these findings over a broader range of stimulus possibilities.
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Figure 3 0 . Sensitivity (log(D)) as a function of stimulus configuration. R e la tiv e
amplitude of vertex movement equals "LOW".
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Figure 31. Sensitivity (log(D)) as a function of stimulus configuration. R e la tiv e
amplitude of vertex movement equals "MEDIUM".
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Figure 32. Sensitivity (log(D)) as a function of stimulus configuration. R e lative
amplitude of vertex movement equals "HIGH".
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Figure 3 3 . Response bias (log(B)) as a function of stimulus configuration. R ela tive
amplitude of vertex movement equals "LOW".

1 13

RESPONSE BIASES (LOG(B))
RELATIVE AMPLITUDE - MEDIUM

2.0
1.6

LOG(B)

1.0
0.6
0.0
0.6
1.0
1.6

LN

VN

LR

VR

STIMULUS CONFIGURATION
S U IJ E C T

A A A EAH

O D D JE A

• • • JE S

* * * MJH

« « « WS

Eigurc 34- Response bias (log(B)) as a function of stimulus configuration.
amplitude of vertex equals "MEDIUM".
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Figure 35- Response bias (log(B)) as a function of stimulus configuration. R e la tiv e
amplitude of vertex equals "HIGH".
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Figure 36- Mean sensitivities as a function of stimulus configuration, for each o f
the three relative amplitude values. Error bars represent plus-or*minus one
standard error of the mean.
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Figure 37. Mean response biases as a function of stimulus configuration, for each
of the three relative amplitude values. Error bars represent plus-or-minus one
standard error of the mean.
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M EAN S E N SIT IV IT IE S (L O G (D ))
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Figure 38. Mean sensitivities as a function of stimulus configuration, for each of
the three relative amplitude values. Repeated sessions for JEA and EAH are
included. Error bars represent plus-or-minus one standard error of the mean.
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Figure 3 9 . Mean response biases as a function of stimulus configuration, for each
of the three relative amplitude values. Repeated sessions for JEA and E A H are
included. Error bars represent plus-or-minus one standard error of the m ean.
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Figure 40. Subject EAH ("LOW" amplitude): a) Sensitivities plotted as a function
of repeated sessions, b) Response biases plotted as a function of repeated sessions.
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Figure 41. Subject EAH ("MEDIUM" amplitude): a) Sensitivities plotted as a
function of repeated sessions, b) Response biases plotted as a function of repeated
•essions.
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Figure 42. Subject EAH ("HIGH" amplitude): a) Sensitivities plotted as a function
of repeated sessions, b) Response biases plotted as a function of repeated sessions.
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Figure 43. Subject JEA ("LOW” amplitude): a) Sensitivities plotted as a function
of repeated sessions, b) Response biases plotted as a function of repeated sessions.
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Figure 44. Subject JEA ("MEDIUM" amplitude): a) Sensitivities plotted as a
function of repeated sessions, b) Response biases plotted as a function of repeated
sessions.
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Figure 45. Subject JEA ("HIGH" amplitude): a) Sensitivities plotted as a function
of repeated sessions, b) Response biases plotted as a function of repeated sessions.
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CHAPTER V

GENERAL DISCUSSION

In summarizing the results of the four experiments m entioned above,
several points need to be emphasized.

First of all, when subjects are asked to

assess the structural rigidity of a large number of 8-vertex rotating polyhedra, it
appears as though most of the figures maintain a rigid appearance.

A small class

of the stimuli, however, tend to take on a rather rubbery appearance, and appear
to bend and stretch throughout their rotations. In this particular series of studies,
the subset of deforming stimuli were limited to configurations which contained a
structural regularity - namely, a cube-like constraint, coupled with interconnecting
line segments.
Moreover, the effects of configuration type on deform ation discrimination
was found to interact with the effects of amplitude of the vertex movement in the
signal detection task.

As expected, amplitude changes allowed the observer to

differentially discriminate between the physically deforming stimuli and the
perceptually deforming figures. The amplitude manipulation was most effective,
however, for the perceptually rigid configurations (VN, LR, & VR).

When

observing objects that contain a structural regularity along with interconnecting line
segments, the observer’s discrimination task becomes m ore ambiguous (i.e., LN
stimuli). In other words, manipulating the amplitude of vertex movement was an
effective cue in the discrimination task; however, this visual cue was not as
effective in the LN condition as compared to the other three configuration types.
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O f course, this series of experiments did not answer the question that, at
some point, needs to be answered: Why, given a mathematically rigid rotation, do
certain configurations appear to take on an elastic quality?

The solution may

have to do with the notion of "exploiting two-dimensional cues" that are present
in static presentations.

This idea has been mentioned in previous studies (e.g.,

Braunstein, Hoffman, Shapiro, Andersen, & Bennett, 1987) and suggests that
people may actually utilize such cues in deriving structural components of moving
objects (see also Todd, 1985). Clearly, in the experiments presented in this paper,
subjects were given a lot of information about the three-dimensional structure of
the figures (by way of static, monocular depth cues) prior to the objects
undergoing a dynamic transformation.
A tentative explanation might lie in the way subjects construct expectations
of how the polyhedra will look both before and after rotation. If one is looking
at a "Necker cube-like" stimulus prior to rotation and discovers, upon rotation, that
the object deviates substantially from the expected shape, an incongruity has
occurred in the perceptual process. Support for this post-hoc hypothesis could be
found in the fact that with LN stimuli, the observer has the best opportunity to
set up the expectation framework; the other categories of stimuli (including the
VN condition, which is geometrically equivalent to the LN stimuli), however, are
not as likely to produce preconceived notions of structure and consequently are
not as likely to elicit concrete configurational expectations. While this explanation
might help account for the results of the first two studies (where the LN stimuli
started as a Necker cube), it would not account for the results of the last signal
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detection

study where

the

LN stimuli’s starting

positions were

randomly

determ ined thereby minimizing the structural regularities present before rotation.
Furtherm ore, if the expectation hypothesis were correct, it would seem that once
the observer witnessed the first rotation of the deforming pattern, the false
expectations would be corrected and further observations would lead to the
veridical shape.

While there was some informal evidence to suggest that the

perceived deformation of a given stimulus tended to decrease over time (based on
the verbal descriptions provided by several subjects), multiple exposures to the
same stimuli often resulted in the same percept of deformation.

The repeated

sessions completed by EAH and JEA in Experiment 4 attest to the fact that both
sensitivity and response bias were relatively stable over time.

It appears, then,

that the expectation hypothesis finds little support based on the above evidence.
A more reasonable theory of deform ation and velocity discrimination can
be developed based on the behavior of line segments, as was mentioned at the
conclusion of Experiment 4.

When considering the motion of three-dimensional

objects being projected onto a two-dimensional surface, one can point to several
sources of information that help the visual system disentangle the flow of motion
and depth.

First, given that line segments are joined together at the vertices of

the figure, collectively they are going to represent local shape cues that yield
m onocular depth information.

Second, a rich source o f information will be

obtained through motion-induced depth (i.e., the kinetic depth effect, Wallach &
O ’Connell, 1953).
with one another.

These two cues, then, will always be working in conjunction
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W hen looking at a perceptually deforming (although mathematically rigid)
stimulus, one could argue

that the two previously mentioned sources of

inform ation are in conflict with one another.

Local shape cues formed by the

intersecting line segments may, in fact, disagree with the motion-induced depth
information.

Hence, in order for the visual system to make sense of this

information, the conflicting cues need to be driven into agreem ent with one
another.

This agreem ent is accomplished by the visual system’s adoption of a

nonrigid interpretation.

When this interpretation is made, the conflict has been

resolved, and the figure appears to deform. Moreover, when considering a motion
discrimination task like those described in this series of studies, it could also be
argued that the perceived velocity of vertices is influenced by the perception of
a deformation.

If this is true, an observer would have a difficult time teasing

out the physical change in velocity em bedded within a deforming background.
W hen considering the configurations examined in this research, one can see that
the perceived velocity did seem to be affected by a deforming contour (i.e., the
LN figures). Further, velocity discrimination was shown to be less affected when
the velocity components were em bedded within a perceptually rigid stimulus (i.e.,
the VN, LR, and VR configurations). At any rate, this post-hoc hypothesis seems
plausible but it is in need of empirical verification.
In attem pting to test this hypothesis, one strategy would be to eliminate the
source o f the conflict between the local shape cues and the motion-induced depth
information. If this conflict is producing the perception of deformation, then the
perceived nonrigidity should be eliminated if the local shape and motion-induced
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depth cues are pulled into alignment with one another using something other than
a nonrigid interpretation. How could this be accomplished? The easiest way to
achieve

that goal would

be

to

have

subjects examine

three-dimensional

stereoscopic polyhedra while engaged in the same type of discrimination task.
This manipulation would allow the visual system to accurately match the shape
cues with the motion pattern.

While this explanation seems reasonable, data

collected in our laboratory to date have not confirmed that stereoscopic
inform ation augments the accuracy of the perception of deform ation (W. W. Stine,
personal communication,

1990).

More information is needed

before any

conclusions can be drawn (see Fisher & Ebenholtz, 1986, for a description of
apparent depth and binocular disparity in kinetic depth stimuli).
Generally speaking, as mentioned at the conclusion of Experiment 4, one
could always argue that these results are only applicable to a very specific class
of configurations and the implications, therefore, are limited in scope. This, no
doubt, is a definite limitation. However, one of the goals of this research program
was to be able to derive a categorization scheme that could be used in reliably
assessing the perceptions involved with the perceived deform ation of rotating
polyhedra. To this end, the research has been quite successful. Future research
should look at the specific conditions which are both necessary and sufficient in
eliciting such nonrigid impressions.
vertex polyhedra?

Would the same trend be found with 10-

How about those figures containing six vertices?

What if a

linear vertex velocity were used instead of the sinusoidal one employed in this
research? Is there something special about Necker cubes or is it simply a m atter
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of defining regularly-shaped objects for the visual system to disentangle?

What

is the role of binocular vision in determining the structure o f these deforming
objects?

These

questions,

and

many

more,

need

im mediate

attention.

Undoubtedly, many o f these structural factors would interact with one another in
term s of the way in which the visual system attem pts to create a plausible
interpretation (e.g., see Todd, Akerstrom, Reichel, & Hayes, 1988).

Minimally,

future research should attem pt to replicate the current results, for both the rating
and signal detection tasks, using a broader range of stimuli within each of the four
configuration categories.
Recall that Wallach and O ’Connell (1953) indicated that in order for the
visual system to derive a rigid three-dimensional structural interpretation, one of
the necessary conditions included that the length and direction of line segments
had to change simultaneously.

If one changed but not the other, the observer

would see a deformation in the two-dimensional plane.

In the present research,

all of the configurations in the rating studies contained line segments that were
covarying in terms of length and direction.

Yet, despite this agreement, certain

stimuli took on a nonrigid appearance.

These results, then, are clearly in

opposition to the necessary and sufficient conditions outlined by Wallach and
O ’Connell (1953).
An issue that clearly has not been resolved by these investigations deals
with the status of the rigidity assumption (Ullman, 1979). In the strictest sense,
the assumption implies that if a rigid three-dimensional interpretation is possible
given a two-dimensional projection, then the object should be perceived in that
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way. Obviously, rigid three-dimensional interpretations were possible for all of the
stimuli used in these experiments (excluding the stimuli whose vertices changed
in velocity). Yet, at least with one category of stimuli, a rigid interpretation was
not always maintained.

O f course, based on the dialogue Braunstein and

Andersen (1984a; 1986) had with Ullman (1984b; 1986), the exact role of the
rigidity assumption has not yet been determined. In the strictest sense, the stimuli
in these experiments were true counterexamples to the rigidity assumption (also
see Todd (1984) for his personal communication with E. Adelson).

The catch,

however, is that Ullman (1984b) stated that, in order for the rigidity assumption
to be maintained, no two-dimensional cues can be present in the static image as discussed above, this was not the case with figures observed in the current
research.
O ne last aspect of this research needs to be mentioned.

A fter the data

were collected, it became quite evident that subjects varied markedly in their
perceptions of the stimuli. These individual differences were most clearly seen in
the ratings that were assigned to the various stimuli, although differences in
sensitivity were also noted in the discrimination studies. The differences spanned
the full range of possibilities where certain subjects perceived many deforming
polyhedra (e.g., JLM ) while others reported the existence of few, if any, distortions
(e.g., RWB).
This research was effective in teasing out an individual’s ability to
discriminate physically deforming objects from objects that only appeared to
change in shape. Given this, it appears as though signal detection paradigms are
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quite useful in studies examining the extraction of structure from motion. W here
ordinal rating scales may provide useful general information, and are perhaps
more direct in their approach, signal detection studies allow the researcher to
tease apart differences in sensitivity and response bias. In this respect, the author
wishes to gratefully acknowledge the effectiveness of the nonparam etric TSD
indices used in these studies (see Nevin & MacWilliams, 1983). Ultimately, using
such a technique, the current research was able to highlight the fact that physical
deform ations are more difficult to detect when superimposed on an already
perceptually-deforming stimulus.

When the stimulus does not contain the

misleading visual information (i.e., a perceptual deformation), the discrimination
task becom es easy. Obviously, this kind of a categorization technique allows the
researcher to m ap out specific qualities that would otherwise be unavailable when
using the standard rating scales.
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Appendix A: Spearm an correlation matrices for rating sessions.

This appendix contains all of the correlation matrices that were plotted as
three-dimensional graphs in Experiment 1.

Highlighted cells of the matrices

indicate coefficients that are statistically significant based on the Dunn-Sidak
procedure m entioned in the text (see Kirk,

1982, p. 110).

The Dunn-Sidak

technique for testing multiple comparisons is based upon the nominal alpha level
one uses in specifying the probability of a Type I error (i.e., .05) along with the
num ber of comparisons to be assessed. Hence, the critical values obtained were
based on the following calculations: 1-(1-.05)1/45 = .00114. Note that certain cells
contain a

which indicates that correlations could not be calculated based on

data with no variability.

See text for details.
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Appendix B: Instructions for the group assessment of rigidity and direction-ofrotation.

Directions for Rigidity Experiment
You will be watching rotating objects on the television screen in front of
you. Some objects will appear to be cube-like before rotation, while others will
appear to be randomly drawn. Furtherm ore, some objects will be drawn with
lines while others will only have dots at the respective "comers" of the object.
You will view 25 possibilities from each condition for a total of 100 different
objects.
Keep in mind that all of the rotating objects will be structurally rigid. That
is, picture the objects being constructed out of a wire coat hanger and rotating by
m eans of a motor. However, some of the objects may appear to deform
perceptually. W hat I mean bv "deform" is that the obieci_mav appear J o .bend,
stretch, distort, tw ist and generally change shape as if the object were made out
of rubber rather than the wire coat hanger.
The purpose of the experiment, then, is to rate the am ount of perceived
deform ation based on a rive point rating scale below:
RA TIN G SCALE
1
2
STRONGLY MOSTLY
R IG ID
R IG ID

3
4
5
NOT SU R E MOSTLY
STRONGLY
D EFORM S D EFORM S

M ark all of your responses on the computerized answer sheets. Each stimulus is
num bered on the television screen - please be sure that num ber corresponds to
the num ber on your answer sheet. R efer to the rating scale above as you are
watching the objects being presented. You will watch each object rotate 4 times
followed by an 8 second pause during which you will m ark down your rating on
the answer sheet.
As a final note, you will notice that some of the objects start out as a
cube-like stimulus and then quickly transform into an oddly-shaped object upon
rotation. That is N O T considered a deformation! All of the objects will be
oddly-shaped; your task is to rate the am ount of "rubberiness" within each object.
Please feel free to ask any questions concerning the directions for this experiment.
Thank you for participating.
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Directions for Reversal Experiment
You will be watching rotating objects on the television screen in front of
you. Some objects will appear to be cube-like before rotation, while others will
appear to be randomly drawn. Furtherm ore, some objects will be drawn with
lines while others will only have dots at the respective "comers" of the object.
You will view 25 possibilities from each condition for a total of 100 different
objects.
As you watch the objects rotate on the screen, I would like you to indicate
on the answer sheet which direction they rotate. Based on the rating scale below,
give the object a rating o f "1" if all 4 rotations rotate in the same direction, a "2"
if 3 o f the rotations rotate in one direction while 1 rotates in the opposite
direction, and a "3" if 2 of the rotations went one way while two went in the
opposite direction. Furtherm ore, give a rating of "4” if anv one of the 4 rotations
goes in two o r more different directions within a single direction, and finally, give
a rating of "5" if any one of the 4 presentations seems like one part goes in one
direction while another part goes in the opposite direction within a single rotation.
The purpose of the experiment, then, is to rate the direction of rotation
based on a five point rating scale below:
RATING SCALE
N|N

All 4:
same
direction

3 one w ay/
1 the other

2 one way/
2 the other

Different
directions
within 1
rot.

"5"
O ne
part
goes one way,
one part goes
the other in
one rotation

Mark all of your responses on the computerized answer sheets. Each stimulus is
num bered on the television screen - please be sure that num ber corresponds to
the num ber on your answer sheet. Refer to the rating scale above as you are
watching the objects being presented. You will watch each object rotate 4 times
followed by an 8 second pause during which you will mark down your rating on
the answer sheet. Please give one, and only one response per object.
As a final note, you will notice that some o f the objects start out as a
cube-like stimulus and then quickly transform into an oddly-shaped object upon
rotation. Again, please just attend to the direction of rotation of each object.
Please feel free to ask any questions concerning the instructions for this
experiment. Thank you for participating.
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Appendix C: ROC plots designating the signal-plus-noise / noise-only trials ratios.

The ROC plots contained in this appendix are identical to the ones found
in Experiment 3 with the exception that the symbols are arranged according to the
ratio of signal-plus-noise trials to noise-only trials.

The previous plots were

organized according to the amplitude of vertex movement. Looking at both sets
of plots, the reader can examine information regarding the effects of the vertex
movement along with the ratio of signal-plus-noise/noise-only trials in order to
assess the performance of each subject. Refer to the text from Experiment 3 for
details.
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